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Abstract
“The modern world depends upon the smooth and satisfactory operation of
countless tribological systems.” B.N.J. Persson
Measuring and controlling friction on the atomic scale is the main goal of
this thesis. Nowadays, fundamental studies of friction on nanometer-scale are
mandatory, since frictional forces become more and more relevant as the scale of
nanoelectromechanical devices is reduced. Despite the increased ratio between
surface and volume forces in these devices, we will show how an appropriate de-
sign and manipulation of the sliding components can result in smooth motion
with minimum energy consumption. All our frictional studies are performed by
means of a home-built Atomic Force Microscope (AFM) under ultra high vac-
uum (UHV) and room temperature conditions. The preparation of samples under
UHV conditions allowed the study of clean surfaces, free of water or adsorbates.
Friction experiments were thence conducted on dry and clean surfaces, without
lubricants. Typical friction signals obtained in AFM measurements present stick-
slip characteristics, when the tip moves over the atomic corrugated surface. The
jump of the tip from one energy minimum to another is accompanied by insta-
bilities essential for dissipation. Chapter 3 shows that by decreasing the normal
force a transition from atomic stick-slip to continuous sliding is observed and a
new regime of ultra-low friction is encountered. The transition is described in
the framework of the classical Tomlinson model introducing a parameter η, which
compares the strength of the lateral atomic surface potential to the stiffness of
the contact under study. For η ≫ 1 a dissipative regime of sliding is encountered,
whereas for η ≤ 1 sliding occurs with negligible dissipation. This parameter can
be tuned experimentally by varying the normal load on the contact. Chapter 4
presents an alternative method based on induced perturbations under resonance
condition, which lead to a reduction of friction to negligible values in a controlled
way. The regime of zero friction is achieved by applying a periodic excitation
between tip and sample at frequencies corresponding to the normal modes of
the combined tip-surface system. This method was verified on different surfaces,
ionic crystals and mica.
An opposite effect on the nanoscale is wear. Under wear the surfaces involved
in the contact experience irreversible changes. In order to understand the condi-
tions under which this process is initiated, and how it develops, we studied the
wear process between the AFM tip and insulating and metallic surfaces. Chapter
5 presents a detailed study of the formation of regular topographic structures on
a KBr surface under repeated scanning. After the removal of single atomic layers
has started, the debris is moved and reorganized due to the interplay between
friction-induced strain and erosion, transport of material by the action of the tip,
and possibly diffusion. 1D and 2D ripple structures are thus developed.
All these results contribute to a better understanding and control of funda-
mental friction problems which may help to improve the functioning of nanoscale
devices.
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Chapter 1
Introduction in Nanotribology
1.1 Motivation for studying frictional proper-
ties at atomic scale
“Sliding friction is not just a nuisance. Without friction there will be no violin
music and it would be impossible to walk...”
In this way B.N.J. Persson starts his book “Sliding Friction. Physical Princi-
ples and Application” about one of the oldest phenomena, which is essential for
daily life [1]. He insists on the necessity of a better understanding of many aspects
of sliding friction, which is important for the progress of technology. Magnetic
storage, recording systems, motors, aerospace components are just few examples,
whose functioning is strongly related to our capability of producing durable low-
friction surfaces and lubricant fluids. There are cases in which an opposite effect
is desired, for instance, increased friction between the tyres of a car and the road
during braking.
Friction has been studied for several centuries and remarkable scientists es-
tablished macroscopic friction laws valid up to now. Leonardo da Vinci can be
named the father of modern tribology (Greek tribos: rubbing). He studied an
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incredible manifold of tribological subtopics such as: friction, wear, bearing mate-
rials, plain bearings, lubrication systems, gears, screw-jacks, and rolling-element
bearings. 150 years before “Amontons” Laws of Friction were introduced, he had
already recorded them in his manuscripts [2, 3]. To the pioneers in tribology one
counts besides Leonardo da Vinci also Guillaume Amontons [4], John Theophilius
Desanguliers , Leonard Euler [5, 6], and Charles-Augustin Coulomb [7]. These
pioneers brought tribology to a standard, and their findings still apply to many
engineering problems today. We can summarize them in the following three laws:
1.The force of friction is directly proportional to the applied load. (1st da
Vinci-Amontons Law).
2.The force of friction is independent of the apparent area of contact. (1st da
Vinci-Amontons Law).
3.Kinetic friction is independent of the sliding velocity. (Coulomb’s Law).
These three laws were attributed to dry friction only, as it has been well
known since ancient times that lubrication modifies the tribological properties
significantly. Around 1880, Reynolds recognized the hydrodynamic nature of lu-
brication, and introduced a theory of fluid-film lubrication. Still today, Reynolds’
steady state equation of fluid film lubrication is valid for hydrodynamic lubrica-
tion of thick films. In the twentieth century both dry friction and lubricated
friction theories were further developed. The adhesion concept of friction, al-
ready proposed by Desanguliers, was applied with great success by Bowden and
Tabor to metal-metal interfaces [8]. Adhesion was related to the force required
to separate two bodies in contact. In their model the concept of the real contact
area was introduced. The real area of contact is made up of a large number of
small regions of contact, in the literature called asperities or junctions of contact,
where atom-to-atom contact takes place, see Fig. 1.1. In dry sliding contacts
between flat surfaces friction can be modelled as elastic and plastic deformation
forces of the asperities in contact [8, 9]. Bowden and Tabor assumed that friction
is proportional to both the real contact area and a mean lateral force per unit
area, the so-called shear strength:
FF = σAR =
σ
p∗m
FN , (1.1)
where AR is the real area of contact and σ is the shear strength. They considered
purely plastic deformation of the asperities until the contact area of each junction
has grown large enough to carry its part of the normal load. The contact area
can be rewritten as AR = FN/p
∗
m, where p
∗
m is the yield pressure of the asperity,
which is significantly smaller than the yield pressure of the bulk material due to
its small size. Since friction is proportional to the real area of contact, as well
as the adhesion, the model can be called adhesion model. Direct dependence
of friction on the normal force led to the recovering of 1st Amonton’s Law, but
the assumption of totally plastic contacts is not realistic in normal machine,
1.2. Friction on the atomic scale 3
since this would get completely damaged after some functioning time. Hence,
elastic deformation had to be considered. They used then a simplified single
asperity model of contact based on the Hertzian elastic theory, and found a non-
linear friction-load dependence (F
2/3
N ), which clearly contradicted Amontons 1
st
Law and the experiments conducted at that time It was Archard (1953), who
recognized that there was no contradiction between an elastic single asperity
model and Amontons 1st Law that is actually based on a contact involving many
asperities [10]. Instead of assuming a constant number of asperities as Bowden
and Tabor did, Archard assumed a load dependent number of asperities. With
this assumption the controversy between the elastic multiple asperity hypothesis
and Amontons 1st Law could be resolved. Greenwood and Williamson further
improved the method with a Gaussian and exponential distributions of asperities
[11]:
FF = σAR = σγFN , (1.2)
where γ = AR/FN = (4
√
π/3)D
√
β/σ. The asperities considered have the same
radius of curvature β. D is the “inverse stress modulus” acting on the asperities.
As it can be seen, the real contact area is proportional to the load and independent
of the normal contact area. With the inception of the atomic force microscope
and friction force microscope Bowden and Tabor’s single asperity elastic theory,
F
2/3
N , could be experimentally verified [12].
The classical tribometer experiments are essentially based on a slider moving
over a surface. These tools were far insufficient to gain new insights of such an
old but complex phenomenon as friction. But many things have changed in the
last twenty years, as the progress of science led to new advanced methods and
experiments able to performed improved studies of friction and wear. Frictional
force microscope (FFM)[13], surface force apparatus (SFA)[14] and quartz crystal
microbalance (QCM)[15] are the available tools for the scientists in their efforts
to clarify several aspects of the sliding process of two surfaces.
The ultimate goal is to understand friction down to atomic scale, the sliding
between two single asperities, as atomic friction is seen as an elementary process.
The connection between atomic and microscopic friction is also the dream of
many researchers.
1.2 Friction on the atomic scale
In order to understand the behavior of two real surfaces in relative motion while
still in contact, many researches look down to the single-asperity level. There are
several models based on continuum mechanics which predict how friction force
should scale with the normal load. The Hertzian point contact model considers
a fully elastic contact of two spheres, and predicts that the friction force scales
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ai AR = ai
AFM
:tip-sample singleasperity contact
Figure 1.1: The real contact area of two surfaces consists of large number of
small asperities, therefore it is much smaller than the apparent area of contact.
Interaction of single asperities is now possible due to the invention of the AFM.
as F
2/3
N [16]. Johnson et al. [17, 18] extended the Hertzian model taking into
account the adhesion (JKR model). The contact radius a of AR rigid sphere in
contact with a compliant elastic half space depends on the work of adhesion ∆γ:
AR(FN) = π(DR)
2/3(FN + 3π∆γR +
√
6π∆γFN + (3π∆γR)2)
2/3, (1.3)
where R is the radius of the sphere, and D describes the elastic moduli and
Poisson’s numbers of sphere and the plane. Upon application of a negative load,
the separation of the surfaces would occur for a pull-off force FN(pull−off) =
−(3/2)π∆γR, independent of D, but dependent only on the radius of the sphere
and the work adhesion. This model assumes that the attractive forces are confined
to the contact area and are zero outside the contact area. Bradley modelled two
rigid spheres considering only the adhesion but no deformation [19]. The model
by Derjaguin, Muller and Toporov (DMT) [20], on the other hand, assumes that
the contact area does not change due to the attractive surface forces and remains
the same as in the Hertz theory. In this model the attractive forces are assumed
to act only outside of the contact area. Due to the involved assumptions, the JKR
model is more suitable for soft materials and the DMT model is more appropriate
for harder materials. The Maugis-Dugdale (MD) theory is a generalization of all
the above mentioned models. In all of them friction scales nonlinearly with the
normal load, in contradiction to the linear behavior of the macroscopic friction.
With the birth of the atomic force microscope (AFM) and friction force micro-
scope (FFM), the 2/3 power law predicted by single asperity elastic theory could
be experimentally verified. The first observation of atomic friction processes was
reported for a tungsten tip sliding over a graphite surface by Mate et al. [13]. A
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rather linear dependence of friction on the applied load was found with a friction
coefficient of about 0.01, which was explained by a multiasperity contact for high
normal loads. Putman et al. observed the 2/3 power law in case of Si3N4-tip
under humid condition, but a linear dependence under dry condition [21]. They
claimed that the water film formed between tip and sample led to a smoother
surface, which was acting as a single asperity. Schwarz found also linear and
non linear behaviors on C60 and, respectively on GeS in air [22]. Carpick et al.
studied the sliding of a Pt coated tip with different geometries over a stepped
SrTiO3(305) surface [23]. For the analysis of lateral force vs. normal load an ex-
tended JKR model, taking the tip profile into account, was used. Enachescu et al.
determined the load dependence of the contact area in ultra-high vacuum (UHV)
for a hydrogen-terminated diamond(111)/tungsten carbide interface [24]. The
extremely hard single asperity contact was described by the Derjaguin-Mu¨ller-
Toporov continuum mechanics model. The variation in friction force with applied
normal force was found to follow the variation of the contact area predicted by
the Maugis-Dugdale theory in the case of a silicon tip on a NbSe2 sample in UHV
[25].
Another model used in describing friction of single asperity contacts is the
Tomlinson model. It defines a fundamental mechanism of energy dissipation
from an atom dragged across a periodic atomic lattice and is often used to model
the dynamics of friction force microscope tips.
1.3 Tomlinson model
The development of scanning probe and UHV techniques allows today the evalua-
tion of friction down to atomic scale [26, 27]. The motion of an AFM tip over the
surface is often intermittent, with alternative sticking and sliding. Measurements
of atomic scale friction by atomic force microscopy show generally a periodic vari-
ation of the lateral force with the lattice spacing of the surface being scanned,
and having a saw-tooth shape characteristic of stick-slip motion. More details
about this operating mode (contact-mode) of an AFM are presented in chapter
2.2. The atomic stick-slip mechanism is also the main source of dissipation in
friction, the alternation between sticking and sliding states reflects changes in the
way the energy is stored in the system. Theoretical studies of stick-slip aiming to
interpret the FFM patterns [28, 29, 30, 31, 32, 33] on atomic scale are based on
the Tomlinson model [34]. This paragraph describes in detail the friction process
in the framework of the Tomlinson model in one-dimension, without taking into
account thermal effects. The cantilever and the deformable contact between tip
and sample can be seen as two springs in series (fig. 1.2). The effective stiffness
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of this system is:
keff = (
1
kcon
+
1
kT
)−1, (1.4)
where kT is the torsional spring constant of the cantilever, and kcon is the contact
stiffness.
Figure 1.2: Effective stiffness of the system describing the force sensor in contact
with the sample.
The tip of an AFM working in contact mode is the subject to tip-sample
interaction potential and to elastic deformation of the cantilever. In a first ap-
proximation, the first potential can be assumed to have a sinusoidal shape and the
second contribution is described by a parabola. In this case, the entire tip-sample
interaction can be written:
Vtot(x, t) = −E0
2
cos
2πx
a
+
1
2
keff (x− vt)2, (1.5)
where E0 is the peak to peak amplitude of the sinusoidal potential, a is the
atomic periodicity of the surface lattice, keff is effective stiffness of the tip-sample
contact, and v is the constant velocity of the support, fig. 1.3.
At the moment t the tip is located in the equilibrium position x=xmin, ob-
tained when the first derivative of Vtot with respect to x is zero:
dVtot
dx
=
πE0
a
sin
2πx
a
+ keff (x− vt) = 0. (1.6)
Using the approximation sin(x) ≈ x in the equation 1.6, the initial velocity of
the tip (t→ 0) can be calculated:
dxmin
dt
(t→ 0) = v
1 + η
, (1.7)
where,
η =
2π2E0
keffa2
. (1.8)
The coefficient η is the ratio between the strength of the tip-sample interaction
and elastic energy of the system [35]. Using the same values of E0, keff , a, v as
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Figure 1.3: Total tip-sample energy interaction at the moment t=0 and at t=t∗.
Vtot is calculated for E0=1.22 eV, system tip-sample stiffness keff=2 N/m, atomic
periodicity of the sample a=0.5 nm, and scan velocity v=50 nm/s.
for plotting Vtot in fig. 1.3, η gets a value of 7.49 and the initial velocity of the
tip is 5.88 nm/s, much smaller than the constant support velocity v = 50 nm/s.
The initial minimum position of the tip is increasing with time due to the motion
of the cantilever until it becomes unstable. This is the moment t = t∗.
The critical position x∗ corresponding to t∗ is found when the second derivative
of the total potential with respect to x is zero:
d2Vtot
dx2
=
2π2E0
a2
cos
2πx
a
+ keff = 0, (1.9)
leading to:
x∗ =
a
2π
arccos(−1
η
). (1.10)
At the moment t∗ and at the position x∗ an instability occurs and the tip jumps
to the next minimum position of the potential profile. This kind of movement is
called stick-slip. The lateral force F ∗ = −keff (x∗−vt) in the moment of the jump
can be evaluated from eqs. 1.6 and 1.9 using the fact that cos2(x)+sin2(x) = 1:
F ∗ =
keffa
2π
√
η2 − 1. (1.11)
This force has a physical meaning only if η2− 1 ≥ 0. Thus, the movement of the
tip over the surface depends on the ratio between the two terms counting for the
total interaction. The stick-slip behavior is possible only for η > 1; this being the
case of a strong tip-sample interaction or a soft cantilever. With the values of η
and a introduced above, the position when the tip jumps and the lateral force at
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that position can be calculated: x∗=0.135 nm and |F ∗|=1.18 nN. The moment
of the instability can be consequently deduced: t∗=14.5 ms.
The lateral force due to the sliding of the tip over the surface is FL =
−keff (xtip − vt). A numerical evaluation of the lateral force leads to a behavior
as in fig. 1.4. FL reveals two opposite sawtooth profiles related to both direction
of movement (forward and backward), and it is modulated with the same peri-
odicity as the atomic structure of the underlying sample. The area enclosed in
this hysteresis loop is a measure of the dissipated energy during the process of
sliding [29]. When t→ 0 the lateral force is given by :
FL(t→ 0) = η
η + 1
keffvt. (1.12)
When η ≫ 1, the effective lateral spring keff is approximatively estimated by the
ratio |FL(t→ 0)| / vt, as it can be seen in fig. 1.4.
Figure 1.4: Lateral force between the tip and sample calculated according to
Tomlinsom model for E0=1.22 eV (η = 7.49), keff=2 N/m, atomic periodicity of
the sample a=5 A˚, and scan velocity v=50 nm/s. The black and red curves cor-
respond to lateral force during the forward and respectively, backward movement
of the tip over the surface.
The corrugation of the surface potential E0 is linearly related to the maximum
of the lateral force FmaxL . This can be found by analyzing the conditions for the
position of the tip, eq. 1.6. Considering FL = −keff (xtip − vt), it follows that:
FL =
πE0
a
sin(2π
xtip
a
). (1.13)
The maximum of the absolute value of the lateral force FmaxL is found at xtip=a/4,
and E0 becomes:
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E0 =
aFmaxL
π
. (1.14)
Another important parameter in this model is ∆E(t), defined as the energetic
barrier which should be overcome by the tip in order to jump from one minimum
position to the next one: ∆E(t)=V (xmax(t), t) − V (xmin(t), t). If initially, at
t = 0, the barrier energy encountered by the tip is ∆E, as depicted in Fig. 1.3,
at the critical moment t = t∗ the cantilever has stored enough energy for jumping
and ∆E(t∗) vanishes. The fact that ∆E(t) tends to zero at the critical point is
trivial; taking into account eq. 1.6, one gets:
dE
dt
(t∗) = keffv(xmax − xmin) = 0, (1.15)
because xmax=xmin at the critical point. At finite temperature the barrier at xmax
can be reduced and the slip probability becomes non-zero.
Two-dimensional Tomlinson model. More realistic, a point-like tip is moved
along a two-dimensional sinusoidal potential. The Tomlinson model can be ex-
tended into two dimensions. The combined interaction potential becomes:
Etot(~r, t) = V (~r) +
keff
2
(~vt− ~r)2, (1.16)
where ~r corresponds to x in one dimension, and ~v is the velocity of the tip arbi-
trary oriented on the surface. The periodic interaction potential can be rewritten:
V (x, y, t) = −E0
2
(cos
2πx
a
+ cos
2πy
a
) + E1 cos
2πx
a
cos
2πy
a
. (1.17)
Figure 1.5: Total energy experienced by the tip in 2D model.
In this case the total energy can be represented as in fig. 1.5. The equilibrium
position is achieved when:
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∇rEtot(r, t) = ∇rV (r) + keff (~r − ~vt) = 0, (1.18)
and it is stable for positive eigenvalues of the Hessian matrix:
H =
(
∂2V
∂x2
+ keff
∂2V
∂x∂y
∂2V
∂y∂x
∂2V
∂y2
+ keff
)
. (1.19)
Each point in the ~r plan can be correlated to an eigenvalue with a certain sign.
The landscape of the eigenvalues is presented in fig. 1.6. The tip follows the
support adiabatically as long as it remains in a (++) region. When the tip
reaches the border of these regions, it suddenly jumps into the next adiabatic
region [29, 36].
Figure 1.6: The region in the tip plane are labelled according to the sign of the
eigenvalues of the Hessian matrix. The (++) regions correspond to an adiabatic
movement of the tip, from the border of these regions the tips jumps to the next
(++) domain.
1.4 Anisotropy of friction
Past measurements have shown that friction and adhesion between crystalline
materials can be anisotropic in the sense that they depend on the relative crys-
tallographic orientations of the two surfaces [37, 38]. Anisotropy was related
to the incommensurability of the overlapping crystal surface lattices. In a such
contact, the ratio between the lattice units of the two bodies along the sliding
direction is irrational and different amounts of force pointing in any direction act
on individual atoms. These forces consequently cancel each other and sum up
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zero [39, 40, 41]. According to Hirano even a state of vanishing friction can be
encountered when two solid in contact past over each other. The regime of zero
friction force was called superlubricity [42]. He noticed a reduction of friction in
scanning tunneling experiment with a tungsten wire on a silicon surface. Some
earlier experiments reported reduced friction on mica [37], or ultra-low coefficients
of friction in the case of MoS2 [43]. Again, the origin of the noticed decreased
or disappearance of friction was related to the incommensurate contact between
the silicon tip and the surface. Dienwiebel et al. [44] used the term of friction
anisotropy to describe the variation of friction on graphite with respect to the
sliding direction, but not for the variation of friction as function of commensu-
rability. For this experiment they built a dedicated instrument called Tribolever,
which allows quantitative tracking of the forces on a scanning tip in three di-
mensions, with a resolution of lateral forces down to 15 pN [45]. A flake from
the graphite surface was picked up by the Tribolever, and lateral forces between
the flake and the surface were measured as a function of rotation angle. When
the flake and the surface were rotated out of registry, to intermediate angles be-
tween 0◦ and 60◦, the friction loops quickly reduced in amplitude, resulting in a
smooth sliding with negligible friction. These results on graphite have led to the
speculation that the excellent lubrication properties on graphite powder may be
the result of superlubricity, the sliding actually taking place between misaligned
graphite flakes, therefore leading to ultra-low friction. Severe reduction in friction
was previously observed on different types of materials. Frictional contrast on a
triglycine sulfate (TGS) surface was shown to depend on the sliding direction,
the variation in friction being caused by an alternating tilt of TGS molecules in
two domains of the substrate [46]. A peculiarity of TGS is that the arrangement
of the molecules is rotated with 180◦ for two adjacent terraces. Overney et al.
observed friction anisotropy on barbituric acid lipid [47] as in the case of TGS.
There are other organic bilayer films presenting anisotropic frictional properties
on different direction of scanning due to different molecular alignments in the
substrate [48, 49, 50].
Beside commensurability another essential condition in achieving the zero
state of friction is the dimensionality of interface and solids. If two chemically
passivated and flat surfaces in contact are infinite, they slide without no resis-
tance in motion [51, 52, 53]. Mu¨ser considered that the superlubricity term is
inappropriate because the emission of sound waves occurs even in the absence
of the instabilities leading to friction, a drag force linear in velocity. Therefore,
he proposed a more fortunate term, structural lubricity, as the low friction arises
mainly from the structural incompatibilities on the two contacting solids.
A totally different way to achieve decrease of friction is based on the Tomlinson
model. This one describes a state of zero friction for single sliding asperities that
could be well applied for studying an AFM tip in contact with the surface. In this
case, the “superlubricity” is achieved without taking any assumptions about the
contact size, hardness of the lattices, or commensurability of the interface. The
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vanishing friction concept, together with some experimental proof of this theory
are discussed in chapter 3.
A completely different approach for tuning the frictional response, which re-
cently has attracted considerable interest [54, 55, 56], is to control the system
mechanically via normal vibrations of small amplitude and energy. In this case,
the idea is to reduce the friction force or to eliminate the stick-slip motion through
an excitation of vibrational modes. Calculations demonstrated that oscillations
of the normal load could lead to a transition from a state of high-friction stick-
slip dynamics to a low-friction smooth sliding state. Manipulation by mechanical
excitations, when applied at the right frequency, amplitude and direction, pull
the molecules out of their potential energy minima and thereby reduce friction
(at different frequencies or amplitudes the friction can alco be increased). The
results presented in chapter 4 show how an ultra-low regime of friction or even
zero energy dissipation can be achieved in atomic scale motion by introducing
a perturbation normal to the plane of sliding. Excitations of the cantilever or
modulated bias voltage between tip and sample were applied. The decrease of
friction was obtained only for perturbations with frequencies matching exactly
the normal resonance frequency of the coupled tip-surface system.
1.5 Wear on the atomic scale
On the other hand, a completely different situation, the wear effect, can be en-
countered in tribology. This effect is in contrast to the ultra-low friction state, as
it is accompanied by very high friction forces between two bodies in contact and
by the damage of at least one of the surfaces involved in the contact. If regimes
of almost zero friction can be obtained in the manipulation of an AFM tip over a
surface, the wear process can be also present in the AFM measurements if some
conditions are met. With a careful manipulation of the normal load applied to
the tip this extreme situation can occur, and the surface topography can be per-
manently modified. With a load exceeding a critical value, depending on the
tip and sample’s shape and nature, the underlying surface starts to be worn off.
There are different experimental examples in which the FFM proved to be an
useful tool for producing wear and imaging the damaged surface on atomic scale
[57, 58]. These studies were performed on ionic crystals and proved that even
well defined patterns could be created on such surfaces. Wear processes under the
action of the AFM tip has been experienced on different kind of materials. The
tip can worn off mica, removing sheets of this layered material for normal loads of
hundreds of nanonewton [59]. Polymer films is another class of materials under
investigation from the point of view of wear properties [60]. The formation of
stable patterns was observed depending on the nature of the molecules, the ratio
between inter-molecular and molecule-substrate interaction, and the deposition
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conditions. The resulting structures were considered to be the effect of a peeling
process operated by the tip [61].
Ripple formation due to perturbations acting on a surface is commonly ob-
served on macroscopic scales. Well-known examples are given by wind-blown sand
dunes observed in the desert and on the shore [62]. The dynamics of sand motion
consist of two processes: the transfer of the sand grains from one position to an-
other, and the movement of the sand along the surface without jumps. The combi-
nation of both results in the formation of regular dunes. Elastic instability waves
were observed by Schallamach on macroscopic length scales for elastically soft
materials, such as rubber during sliding on hard surfaces [63]. Self-organization
of surface undulations have also been reported on the nanometer scale. For exam-
ple, ripples are formed when glasses, amorphous films, semiconductors, or metals
are sputtered by ion beams [64]. These features have typical wavelengths of few
tens of nanometers, and they can be revealed by scanning probe microscopes.
Leung and Goh observed the formation of ripples when the tip of an atomic force
microscope was scanned over a polymer film [60]. The orientation of the rip-
ples was perpendicular to the scan direction and their characteristic wavelengths
were in the range between 10 and 100 nm. Ripples produced by scratching were
observed on polymers several times, and, more recently, even on gold films [65].
The ripples were considered to be the result of a peeling process operated by the
microscope tip in the case of polymer films [61], or as a result of a self-regulating
periodic pickup and release of clusters in the case of gold films [65].
The understanding of wear is not so trivial. There are still unclear aspects for
describing the tip sample interaction, the conditions for wear onset and how the
debris is moved by the tip. All the methods and models based on the continuum
mechanics are limited in describing the formation and the disruption of small and
sliding contacts. Molecular dynamics (MD) came then as a tool for microscopic
modelling of the contact, giving information about the tip sample interaction not
accessible experimentally.
In case of ionic crystal surfaces MD shed some light on the sliding process
down to atomic scale. Shluger et al. showed that there is a continuous transfer
of atoms between the MgO tip and LiF(100) sample [66]. They claimed that a
dynamic self-organization of the surface material on the tip might be a possible
condition for observing periodic forces. This self-lubrication effect of the tip
suggests a direct relation between friction and wear.
On metallic surfaces Sørensen predicted also wear processes [41]. An (111)
terminated copper tip slides in a stick-slip fashion on Cu(111) surface, as de-
scribed by the Tomlinson model, whereas adhesive wear was predicted in the
case of the (100) tip. Sliding in the (011) direction at constant load or constant
distance led to inter-plane sliding between (111) planes inside the tip. Abrasive
wear is also reported in MD, for instance nanoindentations and sliding of a sharp
tip Ni(111) tip on Cu(110) and of a blunt Ni(001) on Cu(100) [67]. In both
cases the lateral force showed quasi-periodic variation, due to the stick-slip in-
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volving phase transitions . Molecular dynamics simulations of nanoindentations
followed by nanoscratching were conducted on single crystal aluminum with an
infinite hard Ni tip [68]. In this study, whenever material removal is involved in
atomic-scale friction even at extremely fine scratch depths, the magnitude of the
friction coefficient is high, dependent on the rake angle presented by the tool,
and independent of the normal force. Suresh et al. quantified two key features
of wear process: 1) the nucleation and 2) subsequent the evolution of defects in
crystals [69]. They present a fundamental framework for describing incipient plas-
ticity that combines results of atomistic and finite-element modelling, theoretical
concepts of structural stability at finite strain, and experimental analysis.
Having discussed some experimental and theoretical issues related to the
tremendous efforts of understanding and describing the wear process down to
atomic scale, we have performed furthermore wear measurements by means of
an AFM on ionic crystals. Chapter 5 of this thesis mainely presents an analysis
of wear on KBr(001), continuing traditional frictional studies on such materials
in the group of Prof. Ernst Meyer. It will be shown how wear is initiated at
nanometer scale, how the surface is worn off layer by layer and the debris reor-
ganized in regular patterns under the action of the tip. The influence of the tip
geometry, the environment and the nature of the studied surface are also topics
of this chapter.
Chapter 2
Experimental set-up
All the experiments presented in this thesis were performed in the NANOLINO
lab of Prof. Dr. Ernst Meyer by means of an atomic force microscope operated
in ultra high vacuum.
2.1 Principle of AFM
The force microscope was designed to measure forces between a sharp tip and
a surface. The tip is mounted at the end of the cantilever, whose deflection is
related to the interaction force between tip and sample. Tip-sample interactions
can be deduced from the static deflection of the cantilever or from its dynamical
behavior. Atomic Force Microscope is an instrument able to detect forces down
to the atomic scale, such as interaction forces between atoms. Our microscope is
based on the beam deflection method. A light beam is reflected on the rear side
of the cantilever. The deflection is sensed by a quadrant photodiode. A sketch
of the setup is presented in figure 2.1. The four-segment photo diode allows to
detect not only the normal bending but also the torsion of cantilever caused by
lateral forces acting on the tip. The A-B-signal is proportional to the normal force
and the C-D-signal is proportional to the torsional force. In our microscope the
optical beam deflection detector and the sample position can be adjusted by three
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stepping motors. The advantage of this detection is the long working distance
between optics and the cantilever, that makes possible the in situ exchange of
cantilevers. The whole AFM is mounted on a platform suspended by four springs
and damped with efficient eddy currents. The vacuum system is divided into two
parts:
1. The preparation chamber, in which the sample can be annealed and sputtered.
Three Knudsen-cells are used for the deposition of different materials (molecules,
metals, insulators) on clean surfaces. There is also a quartz microbalance able to
calibrate these depositions.
2. The analyzing chamber is the place were the AFM measurements takes place.
In this part there are few spectroscopic devices to characterize the samples, like
Low Energy Electron Diffraction (LEED), Auger Electron Spectroscopy (AES)
and Xray Photoelectron Spectroscopy (XPS).
Both chambers are under UHV conditions. The whole system is pumped by
one Turbo-molecular-pump, and Ion-Getter-pumps and a Titanium-sublimation-
pumps. The background pressure obtained in this way is around 10−11 mbar.
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Figure 2.1: Schematic diagram of the beam-deflection AFM. A laser beam is
deflected of the rear side of the cantilever. Angular deflections of the laser beam
are measured with a position sensitive detector. The A-B-signal is proportional
to the normal force and the C-D-signal is proportional to the torsional force.
The AFM can operate in static and dynamic modes, in which the static bend-
ing of the cantilever or its dynamic behavior are measured, respectively. The most
important static mode and the one used for all the measurements in this thesis
is the so-called contact mode. In constant force mode, the tip is constantly ad-
justed to maintain a constant deflection, and therefore a constant height above
the surface. Fig. 2.1 sketches this mode of scanning. It is this adjustment that is
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displayed as data. Topographic images can also be obtained by scanning the tip
over the sample at constant height. The deflection is attributed to the normal
force acting on the cantilever and can be calculated by multiplication with the
spring constant of the cantilever. However, the ability to track the surface in this
manner is limited by the feedback circuit.
More information about the nature of tip-sample interactions can be obtained
by recording the desired signal (the normal deflection for contact mode) as a
function of distance between tip and surface. The resulting Force-distance curve
looks like in fig. 2.2. When the tip is brought in contact the attractive long-
range forces between tip and sample are balanced by the short-range repulsive
force and the external force exerted on the cantilever. The total normal force
deduced from the bending of the cantilever is not only the difference between
the normal load and repulsive forces, but the attractive forces should be added
(adhesion). Repulsive forces increase strongly with the decrease of tip-sample
distance. Therefore, images of constant repulsive force are often identified with
topography.
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Figure 2.2: Cantilever bending versus tip-sample distance. The solid line is the
total tip-sample force and the dashed line is the contribution of the short-range
forces. The arrows indicate the jump into and out of contact and the dotted lines
are linear funtionswith the slope of the spring constant of the contilever, k.
The resolution of the images in contact mode is limited to the atomic lattice,
but not below. Single point defects were not observed so far. This drawback in
sensing true atomic resolution is explained by the area of the tip-sample contact,
which is larger than atomic distances.
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2.2 Lateral Force Measurements by AFM
Our home-built UHV-AFM is able to measure not only the normal but also the
lateral forces acting on the sensor tip by means of an optical beam deflection.
As it was said before, the C-D-signal of the photodiode is proportional to the
torsional force. When moving over a flat surface with zones of different friction
forces, the angle of torsion will change in every new zone [70, 71, 72]. This allows
measuring of the local friction force. Lateral friction contrast can be also caused
by geometrical features like steps or holes [73]. To distinguish zones of different
friction and exclude topographic effects one can utilize a second pass on the same
scanning line, but in opposite direction. The comparison of both directions is
necessary in order to avoid the cross-talk of the normal force into the lateral signal.
If the cross-talk of the torsional bending is negligible, the topography images
should be identical for forward and backward scan direction, while the lateral
force maps are inverted due to the inverse sign of friction forces. In addition, the
lateral force measuring mode easily provides the atomic resolution on different
class of materials, like layered materials [74, 75] or non-layered ionic crystals
[76, 77]. As discussed previously (ch. 1.3), the lateral force (FL) measured by
FFM on well defined surfaces can reveal atomic-scale features. The lateral force
increases when the tip is locked to one atomic position until it becomes strong
enough to provoke a slip of the tip into the next atomic position. Furthermore,
the lateral force presents hysteresis while scanning in the opposite direction. From
the area enclosed by the friction loop, the energy dissipated in the sliding process
can be calculated.
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Figure 2.3: Rectangular cantilever used for force measurements with its relevant
dimensions: length l, width w, thickness t and height h of the tip.
The cantilevers used in our experiments are made of silicon and are rectan-
gular. Silicon cantilevers consist of single crystalline materials, the pyramidal tip
is pointing toward the <100> direction and has a microscopic cone angle of 50◦.
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At the apex, the cone angle is reduced and tip radii of 10 nm can be obtained
[78]. The tip apex radius and aspect ratio are crucial for the lateral resolution
on rough surfaces, and also for the relation between short-range and long-range
forces.
For quantitative interpretation of FFM images the normal and torsional bend-
ing of the cantilever have to be calibrated [57]. A scanning electron microscope
(SEM) image of a cantilever and its relevant dimensions is presented in Fig. 2.3.
The normal spring constant kN is given by:
kN =
Ewt3
4l3
, (2.1)
where w is the width, l the length, t the thickness of the cantilever and E the
Young modulus of the material. For silicon E=1.69x1011 N/m2. The thickness
can be precisely determined from the resonance frequency, f , of the cantilever:
t =
2 · √12π
1.8722
√
ρ
E
· f · l2 = 7.23× 10−4 s
m
· f · l2, (2.2)
where ρ is the mass density (silicon: ρ=2300 kg/m3). The relation between the
defection of the laser beam measured by the photodiode and the normal force
acting to the tip can be obtained by recording deflection vs. distance curves (fig.
2.2).
The torsional spring constant kT necessary for lateral force calibration is given
by:
kT =
Gωt3
3h2l
, (2.3)
where G (silicon: G=0.5x1011 N/m2) is the shear modulus.
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Chapter 3
A new regime of super-low
friction
3.1 Introduction
“ The ability to produce durable low-friction surfaces and lubricant fluids has
become an important factor in miniaturization of moving components in many
technological devices...”
This statement is a good motivation for the work presented in this chapter. The
question ”Can two bodies slide past of each other without friction?” is one of
the reasons of many tribological studies. The first materials that seem to show
significant reduction of friction even in macroscopic sliding were the lamellar
solids. Macroscopic friction involves many micro-contacts with different size and
orientation. Negligible micro-scale friction has been observed on graphite, MoS2,
Ti3SiC2, known as good solid lubricants, and thus with wide practical applica-
tions [43, 79]. A recent proof of this idea is the work of Dienwiebel et al., who
showed that friction between two graphite sheets is significantly reduced when the
surfaces are rotated out of the commensurate locking angle [44]. The following
speculation has been proposed: in the case of macroscopic lubrication by graphite
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a large fraction of the graphite contacts will be in the “superlubric state”, while
only a small fraction will be in registry, thus explaining the tremendous reduc-
tion in the average friction force, experienced in the ensemble of micro-contacts.
With a dedicated instrument, called Tribolever, it was able to obtain quantita-
tive tracking of the scanning tip in three dimensions. Relative low coefficients of
friction were found by means of an STM, using a tungsten tip sliding over highly
ordered pyrolytic graphite under ambient conditions [13].
In the following section it will be proven that the state of zero friction can
be achieved in a completely different way, independent of the material of the
studied surface. Lamellar materials are not the only category of solids presenting
“superlubricant” properties in sliding. It is also important how the reduction of
friction is obtained and how this process can be controlled.
3.2 Theoretical non-dissipative regime
Superlubricity can also be achieved in a completely different way.
In the paragraph 1.3 the case of η ≫ 1 has been analyzed, where parameter η
is the ratio between the strength of the tip-sample interaction and the stiffness
of the system. But trivial questions arise: What happens when η comes close to
1 or becomes even smaller than this value? What happens in the case of stiff
systems or very weak tip-sample interaction when the elastic energy stored in the
cantilever becomes equal or larger than the corrugation of the surface potential?
The answer to these questions is the appearance of new mechanism of ultra-
low friction between two solids sliding in contact. Opposite to the mechanism
discussed just before, this one implies the motion of a single asperity over an
array of atoms ordered in a crystal lattice. The tip can be seen as consisting of a
single atom and its frictionless motion can be described in the frame of Tomlinson
model, under the conditions η ≤ 1.
Following the same procedure in evaluating the lateral force as in the para-
graph 1.3, the friction loops for three values of η and for an effective stiffness of
the system keff=1 N/m are presented in figure 3.1. For η=5 the lateral force
reveals two separated sawtooth profiles for the two directions of scanning. The
tip moves over the surface in a classical stick-slip fashion. The area enclosed in
the hyteresis loop is the energy dissipated in one sliding cycle. If η=3 the lateral
force shape is preserved but the two curves partially overlap. Friction changes its
sign during the slip event. Similar cases are presented in the literature [80, 81],
where the atom of the tip moves smoothly through a repulsive, then an attractive
force field, first being repelled by, and then pushed by the lower substrate.
A totally different situation is met for η=1. In such cases, the hysteresis loop
completely disappears. The two curves for the two direction of scanning coincide,
3.2. Theoretical non-dissipative regime 23
Figure 3.1: Lateral force between the tip and sample calculated accordingly to the
Tomlinsom model for three values of η: a) η=5, b) η=3, c) η=1. System stiffness
keff=1 N/m, atomic periodicity of the sample a=0.5 nm, and scan velocity v=3
nm/s. The black and red curves correspond to the lateral force during forward
and backward movement of the tip over the surface.
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giving an average friction force equal to zero. Zero friction implies that no energy
is dissipated in the sliding process. The sawtooth modulation of the lateral force
is transformed into a continuous modulation (almost sinusoidal) with the lattice
periodicity. The value η=1 represents the threshold between a dissipative regime
(η >1) and a new one, nondissipative. The slips are the main events responsible
for dissipation on the atomic scale, but not the only ones. The damping of the
two bodies in contact leads certainly to new channels of dissipation of several
orders of magnitude smaller. With the assumption that the cantilever is damped
by a viscus force γ, it’s motion is given by:
m
d2x
dx2
+ γ
dx
dx
− πE0
a
sin
2πx
a
+ keff (x− vt) = 0. (3.1)
Since the contact spring has negligible mass, it will relax in a time of the order
of that for a stress wave to traverse the contact diameter, of order of 10−12s, which
is much shorter than the natural period of the cantilever, 10−4s. The strain re-
leased in this relaxation will be entirely dissipated in phonons [32]. Studies of dy-
namical behavior of FFM at T=0 using the Tomlinson model showed peculiar fea-
tures in the case of a low viscous friction coefficient, bifurcation, chaotic motions,
resonances at fractional, and multiple frequencies of the oscillator and hysteresis
[82]. In most of the dynamical simulations, the critical damping, γcr=2
√
keff/m,
has been assumed to suppress these abnormal behaviors. The damping of the
system is given by the ration γ/m. Figures 3.2 shows how the tip moves over the
atomically corrugated surface for different values of the damping at T=0. The
mass of the cantilever was considered to be 8*10−12 Kg, the scanning velocity
was 10nm/s and the parameter eta was chosen to be equal to 5.
It can be seen that single or double slips can be encounter in sliding friction
depending on the damping of the system. In figure 3.2 the system find the
minimum in the faster manner when is critically damped. If the damping is
further decreased significant oscillation appears after the slip motion, and even
more the slip motion changes to double slips. The double slips occur if the
tip atoms can arrive at the next nearest local minimum, overcoming the middle
energy barrier in between. The irregular mixing of double slips was also observed
on graphite at a high load [13]. The existence of regular double slips had been
pointed out already [32, 83]. It’s worth to mention that in practical experiments,
irregular mixing of double slips among single slips was observed on mica at high
sliding velocities while regular single slips were observed at low velocities [84].
However, both the appearance condition of double slips and the mechanism of
the irregular mixing of single and double slips has not been fully resolved yet.
In condition conditions of η ≤ 1 some corrections should be made in evaluating
parameters of the Tomlinson model. 1.12 gives the relation between FL and
position of the support of the tip (vt) at the beginning of each sticking phase.
FL
vt
is equal to keff , and implicitly to the slope of the sticking part of the friction
profile only if η ≫ 1. In general, kslope (FL/vt, fig. 1.4)is not equal to keff , but:
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Figure 3.2: a) Lateral force between the tip and sample and b) position of the tip
with respect to the lever position, calculated accordingly to the Tomlinsom model
for three η = 5 and three different value of γ. System mass was m =8*10−13 Kg,
system stiffness keff=1 N/m, atomic periodicity of the sample a = 0.5 nm, and
scan velocity v = 10 nm/s. The black curves are obtained for γcr, the gray curves
for γcr/10, and the red ones for γcr/100.
kslope =
η
η + 1
keff . (3.2)
From eqs. 1.8, 1.14, 3.2 the effective stiffness of the tip-sample assemble could be
estimated:
η =
2πFmaxL
kslopea
− 1, (3.3)
where FmaxL , kslope are values accessible in experimental measurements. In this
conditions, parameter η delimiting the transition from stick-slip behavior to a
continuous sliding of the tip becomes an important challenge for experimentalists
for achieving the ultra-low friction regime in atomic friction.
3.3 Lateral force measurements on NaCl
The regime of zero friction, theoretically described in section 3.2, can be also
achieved experimentally, independent of the nature of the involved surface, if
the parameters that determine the value of η can be tuned correctly. In the
experiment discussed in this part η is reduced by decreasing the amplitude of the
tip-sample interaction potential via variation of the normal load.
Typical lateral force measurements look like in fig. 3.3a) with clear differences
for both directions of scanning. The movement of the tip is clearly of stick-slip
type: the tip sticks in each minimum atomic position till the energy stored in the
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Figure 3.3: Lateral force between a silicon tip and NaCl(001) sample for two
values of normal force applied. Friction force map a) is obtained for FN=0.44 nN
and the energy dissipated per slip is Ediss=1.4 eV. In case b) the load is FN=0.14
nN and Ediss ≪0.1 eV.
cantilever is high enough to make the tip jump to the next minimum position.
The total energy dissipated in the sliding process is in this case 1.4 eV per slip
event. Decreasing the normal force applied on the tip, a different kind of friction
map was achieved (fig. 3.3b). The friction loop leading to dissipated energy in
the sliding process of two bodies in contact disappeared. Within the limit of the
sensitivity of our instrument the dissipated energy per slip was evaluated less
than 0.1 eV . Practically, the tip and sample slide over each other with almost
no friction.
3.3.1 Why ionic crystal surfaces are “ideal” for friction
measurements?
In ambient conditions there is always a thin layer of contaminants, like water,
hydrocarbons present on the surface but also on the tip. Surface irregularities,
cracks, pores can be filled and covered due to the capillary condensation of water
or any other contaminants. In order to exclude the influence of contaminants,
many friction experiments are conducted in UHV [21, 85]. The goal is to perform
wear-less friction measurements on the atomic scale and on clean surfaces and
to approach the case of single asperity contact between tip and sample. The
ionic crystals were the subject of many FFM studies [57, 86, 87, 88]. They are
insulating materials and have one of the simplest atomic structures. The anions
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and cations held together by electrostatic interaction and they can be treated as
impenetrable charged spheres. The alkali halides can be regarded as ideal ionic
crystals. Under normal conditions they are cubic and the majority crystallizes in
the NaCl structure. The natural cleavage plane is (001). In the actual study we
have chosen NaCl with the lattice spacing 5.6 A˚, especially for its simplicity and
weak interaction with the tip [89].
3.3.2 Results of lateral force measurements
Here, the first experimental observation of the transition from stick-slip to contin-
uous sliding in atomic friction is reported. The first mechanism is characteristic
for the friction of two bodies in contact, the latter is inherently linked to a regime
of ultra-low dissipation. The measurements were realized with our home built
friction force microscope operated at room temperature and under ultrahigh vac-
uum condition (section 2.2).
Figure 3.4: a) Measurements of the lateral force acting on the tip sliding for-
wards and backwards in (100) direction over the NaCl(001) surface. Cross-section
through a two-dimensional scan obtained for an external load FN=4.7 nN. b)
Corresponding numerical evaluation of FL from the Tomlinson model for η=5.
Silicon cantilevers with a spring constant of kN = 0.05 N/m for normal bending
and kT = 29 N/m for torsion were used. The radius of curvature of the tip
was nominally below 15 nm (section 2.2). The feedback loop controlling the
tip-sample distance was operated very slowly, in order to avoid any influence
of the feedback on the measurement of the lateral forces. The experiments were
performed on NaCl single crystals cleaved in UHV and heated at 150◦ C to remove
charges produced in the cleaving process. The normal and lateral forces acting
on the tip were calibrated according to the procedure given in Ref. [90].
Fig. 3.4a, 3.5a, 3.6a show the lateral force FL recorded with three different
externally applied normal loads FN . The total normal force between tip and
surface is the sum of the externally applied load and the attractive force between
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Figure 3.5: a) Measurements of the lateral force acting on the tip sliding for-
ward and backward in (100) direction over the NaCl(001) surface. Cross-section
through a two-dimensional scan obtained for an external load FN=3.3 nN.
b)Corresponding numerical evaluation of FL from the Tomlinson model for η=3.
tip and sample. The latter has been determined to be 0.7 nN by measuring the
force required to pull the tip out of contact. The scan velocity was v = 3 nm/s.
For FN = 4.7 nN the lateral force reveals two opposite sawtooth profiles when
scanning forwards and backwards (Fig. 3.4a). The sawtooth modulation has the
periodicity of the crystal lattice along the (100) direction and is characteristic
for the stick-slip process. The area enclosed in this hysteresis loop is the energy
dissipated in one cycle.
When the externally applied load is lowered to 3.3 nN the dissipated energy
decreases, while the amplitude of the sawtooth modulation stays constant result-
ing in an overlap of the curves for the forward and the backward scan. In fact,
the lateral force changes its sign in the slip event (Fig. 3.5a). While the moving
spring is pulling on the contact before the slip, the contact is pulling on the spring
after it has slipped to the next atomic position and, thereby, has surpassed the
moving support of the spring. A similar load dependence of the stick-slip behav-
ior has been observed, as we discussed before, on the layered materials graphite
and MoS2 but for normal loads of higher orders of magnitude [13, 27].
A completely different picture is found when the load is further reduced.
For normal loads below a certain threshold, the hysteresis loop and with it the
dissipation disappears within the sensitivity of the current experiment (Fig. 3.6a).
The sawtooth modulation of the lateral force is transformed into a continuous
modulation of perfect match between forward and backward scan, still showing
the atomic periodicity of the surface lattice.
The observed transition can be explained in a classical one-dimensional Tom-
linson - type model, as explained in sections 1.3, respectively 3.2. Next to the
friction loops presented there are the corresponding theoretical loops obtained for
different values of the parameter η (eq.1.8). Numerical results for three different
values of η are presented in Fig. 3.4b, 3.5b, 3.6b. The movement of the tip from
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Figure 3.6: a) Measurements of the lateral force acting on the tip sliding for-
ward and backward in (100) direction over the NaCl(001) surface. Cross-section
through a two-dimensional scan obtained for an external load FN=-0.47 nN. b)
Corresponding numerical evaluation of FL from the Tomlinson model for η=1.
one minimum position to the next can be continuous or jumping, depending on
the relation between corrugation E0 and elastic energy which can be described
by this parameter. When η < 1 the movement is continuous and no dissipa-
tion occurs (Fig. 3.6b), when η > 1 the stick-slip behavior is found (Fig. 3.5b
and 3.4b).
3.3.3 Friction versus load
Naturally, the next step is to discuss the relation between the experimentally
accessible FN and the theoretical η parameters. We demonstrate how η can be
tuned by varying the normal load on the contact. Experimentally, the dissipation
or, correspondingly, the mean friction force decreases by reducing normal load
and reaches zero before the sliding tip jumps out of contact. In the model, the
dissipation decreases for decreasing η and is zero for all values η ≤ 1. These
two dependencies are compared in Fig. 3.7. The similarity of the two curves
bring us to the question, in how far the parameter η of the Tomlinson model is
accessible to the experiment via variation of the normal load. In order to answer
the question, we try to calculate all parameters of the Tomlinson (E0, η, keff ,
kslope) model by a detailed analysis of the experimental data.
3.3.4 Corrugation of the surface potential
According to eq. 1.14, the corrugation of the sample felt by the tip depends
on the the maximum absolute values of the lateral force FmaxL , measurable from
the maxima of curves like those in Fig. 3.4a, 3.5a, 3.6a. The load dependence
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Figure 3.7: a) Mean lateral force versus normal load. The experimentally deter-
mined adhesion has been added to the externally applied load. The data points
represent the average over a two-dimensional scan of 3x3 nm2. b) Numerical eval-
uation of the mean lateral force as function of η in the one-dimensional Tomlinson
model. Quantitative difference between experimentally and numerically obtained
forces can result from the two-dimensional averaging in the case of experimen-
tal results. The numerical results have been calculated for lines with maximal
corrugation, like those presented in part b) of figures 3.4, 3.5, 3.6.
of the potential corrugation E0 is shown in Fig. 3.8. The corrugation of the
surface potential E0 is linearly related to the maximum lateral force F
max
L . The
increase of the corrugation height of the potential with increasing normal load can
be intuitively understood as an increase of the barrier height between adjacent
atomic positions when the contacting atoms are pressed closer towards the surface
lattice. For a different atomic system it has been confirmed in a first principles
study [28].
Experimental determination of E0 were done first time by Riedo et al. per-
forming measurements on freshly cleaved and atomically smooth muscovite mica
surface in controlled humidity environment [91]. They found similar values for
the surface corrugation and even a linear dependence with the external normal
load applied. The friction force on a tip sliding on a surface was related to the
thermally activated hopping of the contact atoms on an effective atomic inter-
action potential. They experimentally and theoretically found a velocity which
marks the transition from logarithmic increase of FL(v) to a region where fric-
tion is constant since thermal activation ceases to be relevant. This velocity is
analytically related to the potential corrugation, E0.
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Figure 3.8: Energy corrugation E0 as function of the normal load FN acting on
the tip. E0 is evaluated accordingly to eq. 1.14 in the Tomlinson model. this
formula implies FmaxL , the maximum lateral force in cross-sections through two-
dimensional friction maps; like those in figures 3.4a, 3.5a, 3.6a.
3.3.5 Estimating the stiffness of the contact
For values of η ≫1, the slope of the friction profile at the beginning of each
sticking phase (kslope) is considered in the literature to approximate well the
stiffness of the system [92]. Carpick et al. performed measurements of the lateral
stiffness of the contact between a silicon nitride cantilever and a muscovite mica
in humid atmosphere. The sticking part of the friction loop was considered close
to the value of the contact stiffness:
dFlateral
dx
= keff =
[
1
klever
+
1
kcontact
+
1
ktip
]
−1
, (3.4)
where Flateral is the lateral force (cantilever torsion), and x is the lateral dis-
placement (see fig. 1.4). Typical lateral stiffness of commercial FFM cantilevers,
klever, is around 50-100 N/m, at least one order of magnitude larger than the
lateral contact stiffness, kcontact. The stiffness of the tip, ktip, depends on the
geometrical dimensions of the tip, and has typical values of tens of N/m. So,
typical variation of the lateral force with x can accurately measure variations in
the lateral stiffness of nanometer-sized contacts. Some corrections should be done
for cases close to the transition point. Equation 3.2 presented in section 3.2 esti-
mates real effective stiffness of tip-sample contact in conditions of η approaching
1. But for this values of kslope and η are required. kslope is accessible from friction
measurements and η can be calculated with eq. 3.3 within the Tomlinson model.
Knowing already FmaxL (or E0) we can evaluate the dependence of η on normal
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load FN , fig. 3.10. Indeed, for small normal loads η approaches 1 within the
errors bars.
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Figure 3.9: a) Slope kslope of the experimental lateral force versus distance in the
sticking part and b) effective lateral stiffness keff of the contact as function of
the normal load FN acting on the tip. keff is evaluated accordingly to eq. 3.2 in
the Tomlinson model.
In figure 3.9 the evolution of kslope and keff with FN is presented. The small
variation of the effective stiffness with normal load is less easy to understand.
First let us note that the effective stiffness is of the order of 1 N/m, a range
we have found in most of our atomic friction studies on different materials like
NaCl(100), Cu(111), Cu(100) [73]. The cantilever and the deformable contact
can be seen as springs in series (fig. 1.2 in section 1.3). The torsional stiff-
ness of the force sensor is usually at least a factor of 50 higher. Therefore, the
effective stiffness is clearly dominated by the contact which is a much weaker
spring. For the occurrence of stick-slip processes in atomic friction, the stiffness
of the cantilever-type force sensor does not play any significant role, as confirmed
experimentally. The reason for the constancy of the contact stiffness could be
explained in a straightforward manner by assuming that the atomic structure
of the contact does not change in this range of normal loads. In this case, the
deformability of the structure at the tip apex and of the surface around the con-
tact would not change significantly with load. If the size or the atomic structure
of the contact would change with load, the scaling of the corrugation and the
stiffness would depend strongly on the dimensionality and commensurability of
the contact [51]. Negligible friction between two solid surfaces is predicted when
the interfacial interactions are weak or the surfaces are incommensurate [80].
The transition from stick-slip to continuous sliding observed for atomically
modulated friction is then demonstrated experimentally and theoretically de-
scribed. When the stick-slip instabilities cease to exist, a new regime of ultra-low
friction is experienced. Negative and positive lateral forces sum up to a vanishing
average force in the time average instead of the spatial average, provided there
3.3. Lateral force measurements on NaCl 33
Figure 3.10: Parameter η calculated accordingly to eq. 3.3 as function of the
normal load FN acting on the tip.
are no instabilities. In our interpretation, no assumptions for a large contact size,
hardness of the lattices, or commensurability have to be made.
We refrain to compare our results with the state of zero friction called by
Hirano superlubricity, and related in his studies to an incommensurate contact
between tip and surface [42]. This term could suggest that the transition to
zero friction can be compared to superfluidity or superconductivity. However,
this is certainly not an effect of quantum mechanical coherence. Furthermore, we
assume that the mean friction is not zero, although we cannot measure any lateral
force with the current signal-to noise ratio. The movement of the tip must be
heavily damped, as we do not observe any overshooting or jumps over two lattice
constants under stick-slip conditions. Consequently, there must be some energy
loss mechanism in the tip movement beyond the internal damping of the force
sensor. There is no reason to assume that this energy mechanism disappears
for η ≤1. What disappears, however, are the instabilities which under stick-
slip conditions account for the by far dominating contribution to the observed
dissipation. The damping in the force sensor and viscous movement of the sliding
contact are certainly present and cause dissipation. These effects, however, are
too small to be detected and are orders of magnitude smaller than the dissipation
caused by a jump to a favorable energetic configuration.
It is important to note that a similar transition from stick-slip to continu-
ous sliding has been observed in the manipulation of single Pb atoms by means
of a scanning tunneling microscope [93]. In their study, Bartels et al. found a
stick-slip process when the tip was moving relatively far from the Pb atom, while
continuous sliding was observed with the tip in close proximity to the atom. The
situation can be described in the same model as our experiment, but with the
opposite tendencies. In the atom manipulation experiment, the surface corruga-
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tion felt by the Pb atoms is always the same. When the tip was approached, the
effective spring constant of the coupling between tip and atoms became higher,
and therefore the stick-slip disappeared.
3.3.6 Influence of the tip “shape”
The experiment was repeated several times. Similar features were revealed with
other tips on different spots of the crystal surface. The tips were never crashed
or operated at high loads. In all cases the quality of the signal-to-noise ratio is
reduced after prolonged scanning, making it difficult to recognize the transition
from the stick-slip regime to continuous sliding.
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Figure 3.11: E0, kslope, parameter η and keff as function of the normal load FN
acting on the tip.
Fig. 3.11 presents the parameters E0, kslope, η and keff for three sets of
measurements performed with the same tip on the same NaCl(001) surface. The
results of the first set of measurements are marked in red, for the second in
blue, and for the last measurements in black. For all cases, the four parameters
show almost the same dependence on the normal force. The corrugation of the
surface E0 and implicitly, parameter η experience slightly higher values for the last
measurements compared to the first, that can be explained through an increased
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tip-surface contact area. This assumption is also sustained by a larger adhesion
force recorded after prolonged scanning, 1.4 nN, whereas in the beginning the
measured adhesion was only 0.7 nN.
3.4 Conclusion
Exploiting the high mechanical stability, and the optimized signal-to-noise ratio
we were able to measure very small forces with very high resolution. We are able
to control and reduce the applied normal forces down to 0.1 nN. These optimized
conditions lead to the results presented in this section. We have experimen-
tally demonstrated and theoretically described a state of ultra-low dissipation
in atomic friction which is connected to the absence of mechanical instabilities.
We observed the transition from a dissipative regime characterized by stick-slip
motion to an ultra-low friction regime, when the tip slides continuously over the
underlying surface. The transition can be controlled by variation of the load
on the contact, which changes the atomic corrugation felt by the contact more
than its stiffness. The results demonstrate how friction can be controlled on the
nanometer scale and how stiff contacts with a binding in the contact that causes
a weak potential against lateral sliding can practically decrease the dissipation.
Based on experimental observations, it is assumed that the slipping movement
of the tip is very strongly damped. It will be important for a full understanding
of atomic friction experiments, and for the extension of the all friction results
to understand and to explain the damping of the tip movement too. Recently,
the dissipative coupling of the tip movement to phonons may be mediated by
soft phonon modes that are induced by the presence of the tip [94]. Even more,
it has been proposed that the dissipation occurs mainly inside the moving tip
rather than in the sample; probable true, taking into account that the nanoscale
tip is softer than the extended sample surface [95]. In reality, the detection of
the all dissipation mechanisms and the determination of the precise place they
occur implies highly sensitive experimental techniques, much more sensitive than
the conventional scanning probe microscopy, and why not, even a completely
different technique.
Nowadays nanotechnologists are aware that frictional forces become more and
more relevant as the scale of a device is reduced [96]. Our results show that fric-
tion experienced on a nanoasperity is drastically reduced and even suppressed
if the applied load is below a certain threshold. The strong point of this work
is that we observe the ultra-low friction state without lubricants. This observa-
tion is a promising result for the practical realization of nanoelectromechanical
systems (NEMS). In general, the output of an electromechanical device is the
movement of the mechanical element [97]. Towards the shrinking tendency of the
dimension of NEMS, the device physics becomes increasingly dominated by the
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surfaces. Despite the increased ratio between surface and volume forces in these
devices, an appropriate design of the sliding components should result in smooth
motion with minimum energy consumption and without wear of the surface in
contact. Three possible ways in achieving this objective can be thus suggested: i)
To work at exceptionally low loads, as we did in our experiment or ii) to exploit
the incommensurability between surfaces, as shown in the case of graphite [44],
iii) or to excite the tip-sample contact at its resonant frequency [98]. The latter
manner of reducing friction seems to be also a promising step forward controlling
friction down to atomic scale and with practical applications in NEMS operation.
Modification of friction forces by exciting the tip-sample contact in cases of nor-
mal oscillation of the cantilever or modulated applied bias voltage is the subject
of chapter 4.
Chapter 4
Controlling atomic friction by
applying modulated bias voltages
4.1 Introduction
Another contact AFM operating mode is the force modulation microscopy (FMM).
In force modulation mode, the cantilever is caused to oscillate while the tip re-
mains in contact with the sample surface. This may be achieved by applying a
driving frequency to either the sample or the cantilever holder. As the tip posi-
tion oscillates, the interaction force and hence the cantilever deflection changes.
The sharpness of the change in deflection with position is related to the mechan-
ical properties of the sample surface and the cantilever. In principle, it enables
access to information about surface mechanical properties, because stiff materials
should give rise to a sharper change in deflection with distance than soft ones.
The FMM technique was pioneered by Veeco Instruments in 1989 [99], and en-
abled studies of relative difference in surface elasticity with high resolution for
two different materials, carbon fiber and epoxy composite. The modulation fre-
quency was in the range of kHz. This method is suitable for surfaces with soft and
hard regions. In the literature there are many studies demonstrating the coupling
between the normal and transverse motions in frictional sliding. Heuberger et
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al. found that inducing normal (out-of-plane) vibrations between two boundary-
lubricated sliding surfaces, load and frequency dependent transitions between a
number of “dynamic friction” states could be observed. In particular, regimes
of vanishingly small friction were obtained at interfacial oscillation amplitudes
below 1 A˚ [56].
Artificially induced vibrations, both parallel and normal to the sliding direc-
tion, have long been used to reduce frictional energy dissipation in machinery
[100, 101] and a number of simple models [102] are available for describing the
transverse response to various types of dynamic modulations of the load. In all
these models, the idea is that over some fraction of the oscillation the surfaces
separate from contact and that during this period the friction is zero. This mech-
anism requires large driving amplitudes, sufficient to separate the surfaces even
when they are in contact under a compressive load.
The following two sections 4.2 and 4.3 describe how an ultra-low regime of
friction or even zero energy dissipated can be achieved in atomic scale friction
by introducing a perturbation normal to the plane of sliding, like 1) normal
excitation of the cantilever or 2) modulated bias voltage between tip and sample.
During the sliding process the tip and sample remain in contact. The effect was
observed for a wide range of normal forces, even for normal loads exceeding the
threshold required to reach the transition to η ≤ 1, as observed in the static mode
presented in ch. 3.
4.2 Lateral force and normal force modulation
on KBr(001)
Silicon cantilevers with a spring constant of kN = 0.03 N/m for normal bending
and kT = 18.06 N/m for torsion were used. The radius of curvature of the tip
was nominally below 15 nm (section 2.2). The feedback loop controlling the tip-
sample distance was operated very slowly, in order to avoid any influence of the
feedback on the measurement of the lateral forces. The experiments were per-
formed on KBr single crystals cleaved in air, quickly introduced in UHV chamber,
then heated at 150◦ C to remove charges produced in the cleaving process.
Fig 4.1 shows two 2D images: the lateral force in the forward scan and the
frequency used to excite the piezo mounted on the back side of the cantilever.
The normal excitation of the cantilever was continuously swept between 37-42
kHz. One-dimensional scans of 50 nm were performed with a scanning speed
of 25 nm/s and an applied normal force of 0.17 nN. The cross section trough
the frictional map indicates that the lateral force decreases for well determined
frequencies. Calculating the average friction force for the 2D-image presented in
fig. 4.1 we found out that the major decrease of friction takes place for f=40.25
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Figure 4.1: The lateral force image and the map of the continuous repetition
of the swept normal excitation frequency (37-42 kHz). Below each image there
is a cross section profile showing the simultaneous evolution of the FL and the
frequency.
kHz. In order to understand the origin of this frequency we measured the thermal
noise spectrum of this cantilever in contact with the sample. Fig. 4.2a presents
the thermal noise spectrum of the normal oscillation of the cantilever in contact
with the KBr surface. In the range 0-200 kHz, the spectrum shows two peaks
around 40.6 kHz and 126.4 kHz. The peak at 40.6 kHz is the first normal mode
of resonance of the cantilever in contact, which is about five times higher than
the normal resonance of the free cantilever (7.98 kHz). The second peak at
126.4 kHz is a higher harmonic of the normal oscillating mode. The resonance
frequencies for different vibration modes for the free end cantilever and for the
pinned end were calculated theoretically by Rabe et al. [103]. For a homogeneous
beam of uniform cross section, the equation of motion for flexural vibrations is a
differential equation of fourth order:
EI
d4y
dx4
+ ρwt
d2y
dx2
= 0, (4.1)
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where E is the modulus of elasticity, ρ is the mass density, and I is the moment of
inertia. W and t are the width and the thickness of the cantilever, respectively.
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Figure 4.2: a) Thermal noise spectrum of the normal oscillations of the cantilever
in contact with the surface. b) Frictional force while sweeping the frequency of
the normal oscillation of the cantilever in contact in the range of 37-42 kHz.
c) Frictional force while sweeping the frequency of the normal oscillation of the
cantilever in contact in the range of 110-128 kHz.
For the cantilever clamped at one end and free at the other end (at x = L) the
characteristic equation is:
cos(knL)cosh(knL) + 1 = 0, (4.2)
where kn is the wave number of the corresponding vibration mode and L is the
length of the cantilever. The resonance frequency fn belonging to kn can be thus
calculated:
fn =
(knL)
2
c2
, (4.3)
where c = L
√
2π 4
√
ρwt/EI is a constant containing the geometrical dimensions,
Young’s modulus, and the mass density. Solving numerically the equation 4.2,
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it can be found the solution k1L =1.875 for the lowest flexural vibration mode
and the corresponding resonance frequency f1 = 1.875
2/(2πL2)
√
Ew2/12ρ. The
characteristic parameters of the silicon cantilever used in our experiment ( L=450
µm, w=45 µm, t=1.16 µm, and ρ=2330 Kg/m3, E=1.69·1011 N/m2) led to a
theoretical resonance frequency of the fundamental mode of 7.88 kHz, which is
similar to the experimental observed frequency 7.98 kHz.
The resonance frequency of every mode of the clamped-pinned cantilever
(when the spring constant of the contact between tip and sample becomes in-
finitely much higher than the spring constant of the cantilever) can be calculated
solving the equation sinh(knL)cos(knL)−sin(knL)cosh(knL) = 0. The solutions
of this eq. lead to resonance frequencies of the clamped-pinned mode higher that
in the case of clamped-free cantilever. In accordance with theory, the frequency
of the first pinned mode is 34.55 kHz, almost 4.5 times higher than the theo-
retical resonance frequency of the fundamental mode of the free end cantilever,
but very close to the experimentally observed one, 40.6 kHz (see fig. 4.2a). The
next pinned mode is found theoretically to be almost three times bigger than
the previous mode, such that the peak observed in fig. 4.2a at 126.4 kHz is the
second pinned vibrational mode.
Fig. 4.2b and c display the mean lateral force while scanning the KBr surface
with a normally excited cantilever. The excitation frequency was swept around
the first two resonance peaks of the tip coupled with the surface. When sweeping
the frequency between 37 and 42 kHz, the friction force is reduced exactly for
f=40.25 kHz. This frequency can be identified to be the first normal resonance
of the tip in contact, 40.6 kHz. The two side peaks (37.7 kHz and 41.6 kHz) for
which friction also decreases could be interpreted as satellites around the main
resonance frequency. They might appear due to the continuous change in the
contact between tiny asperities of the tip apex and the sample. In the range of
110-128 kHz, FL decreases again when the external excitation matches ∼ 126.4
kHz, the second normal resonance.
Acoustic waves applied on the tip-sample interface showed distinguished in-
fluence of the in-plane and vertical surface oscillation components on the friction
force experienced by a LFM tip in contact with the surface. Behme et al. stud-
ied the wave amplitude dependence of the friction. They proved that under the
vertical component of the acoustic wave the friction force can be reduced and
above a certain amplitude threshold, friction falls below the sensitivity of their
instrument [104]. The effect was valid for a large variety of surfaces and for fre-
quencies ranging from 200 MHz to 3 GHz. In the regime where friction within a
standing wave field was completely suppressed, low frequency vertical cantilever
oscillations were observed, whereas torsional oscillations were not excited.
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4.3 Decrease of friction obtained by the modu-
lation of bias voltages
The suppression of friction can be also obtained by producing a localized pertur-
bation at the tip-sample contact if an ac bias voltage is applied. Our experiment
was realized on two insulating materials, KBr and mica, cleaved in air and then
quickly introduced in UHV. The thickness of KBr was 1.23 mm, and 0.2 mm for
mica. Measurements on KBr were performed with a silicon cantilever having a
spring constant of kN = 0.03 N/m for normal bending and kT = 18.06 N/m for
torsion, whereas on mica the cantilever characteristics were kN = 0.05 N/m and
kT = 27.84 N/m. Fig. 4.3a shows the average friction force measured when an
ac bias voltage with an amplitude UB=8V and frequencies in the range 0-300
kHz was applied between the silicon tip and the insulating KBr surface. The
dependence of FL on the modulation frequency of UB was obtained scanning
three regions of 100×100 nm2 each, with a scan speed of 100nm/s and a normal
force FN= 3.9 nN , while the frequency was swept between 0-100 kHz, 100-200
kHz, and 200-300 kHz, respectively. As one image consists of 256 lines, the time
necessary to acquire it was 512 s. The sampling rate for sweeping the frequency
has been chosen to be 200 Hz/s, such that during one scan (512 s) a range of
100 kHz could be swept (500 s). Part b) of the same figure shows the resonance
peaks of the cantilever in contact with the KBr surface. The peak at 40.8 kHz
corresponds to the first normal mode of the cantilever in contact with KBr, and
the following peaks at 126.9 and 260.4 kHz are the resonances of the second and,
respectively, third normal vibrational mode of the tip-sample system. The peak
marked in red at 174.4 kHz is the first torsional resonance of the cantilever in
contact. For common rectangular AFM cantilevers, the resonance frequencies of
the torsional modes are much higher than the resonance frequencies of the 1st
normal vibrations. The equation of torsional motion is a differential equation of
second order [105]:
C
d2θ
dx2
= ρJ
d2θ
dx2
, (4.4)
where θ is the angle of torsion of the cross-section area, C is the torsional stiffness,
ρ is the mass density, and J is the polar area moment of inertia. If the cross section
is rectangular, the polar moment of inertia and the torsional stiffness are given
by: J ≈ w3t/12 and C= wt3G/3, where G is the shear modulus of cantilever.
Since the differential equation for torsional vibrations is only of second order, the
phase velocity v is a constant v=λf=
√
C/ρJ= 2t/w
√
G/ρ and the modes are
equidistant in frequency:
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Figure 4.3: Average value of the friction force on a) KBr and c) mica surface
acquired while applying modulated bias voltage with frequencies between 0 and
300 kHz. The peaks marked with blue appear due to the non-linearity of the
oscillatory system and they are exactly half of the resonance values. Thermal
noise spectrum of the normal (black line) and torsional (red line) oscillations of
the cantilever in contact with the b) KBr and d) mica surface. Note that for
these two sets of measurements two different tips were used. The tip scanned on
KBr showed a first resonance of the free cantilever at 7.98 kHz, and for that used
on mica, f0=9.2 kHz.
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fnT =
2n− 1
2L
t
w
√
G
ρ
. (4.5)
The lowest torsional vibration frequencies are about ten times higher than the
flexural frequencies for typical AFM cantilevers. Using eq. 4.5 and the character-
istics of the cantilever ( L=450 µm, w=45 µm, t=1.16 µm, and ρ=2330 Kg/m3,
G=0.5·1011 N/m2) a theoretical torsional resonance of the free end cantilever can
be calculated f0T=132.68 kHz, similar to the experimental value 149.9 kHz. If the
end of the cantilever is not free, but pinned, the resonance frequency is shifted
almost 20% to upper frequencies [106]. Therefore, the peak at 174.4 kHz is in
our case the first mode torsional resonance of the cantilever in contact with the
KBr surface.
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Figure 4.4: Crystallographic structure of mica. Top view of the layer S1 shows
the array of hexagonal rings formed by the bases of SiO4 tetrahedra. Top view of
layer S2 below the SiO3 bilayer. The sites are occupied by O and OH groups with
a periodicity of 3.0 A˚, and form an angle of 30◦ with the former lattice direction.
The K+ ions on top of the S1 layer are not shown [59].
The experiment on KBr was repeated on mica, a completely different surface.
The atomic structure of mica is not as simple as in the case of KBr. Because of
this particular atomic arrangement (see fig. 4.4), the physical properties exhibit
a rather strong anisotropic behavior, and the frictional forces depend on the
scanning direction [107]. Despite these differences, the effect on friction of the
modulated bias voltage between tip and mica sample is the same as for KBr. Fig.
4.3c shows how the mean lateral force drastically decreases when the applied ac
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bias is modulated only with the normal resonances of the cantilever in contact
with the surface. It is interesting to observe that friction tends to zero also when
UB is modulated at half the values of the normal resonance frequencies, those
marked with blue in figures 4.3a and c. No effect was revealed at the torsional
resonance. For the measurements on mica a cantilever with the first flexural
resonance at 9.2 kHz was used. Consequently, in fig. 4.3d all the resonance peaks
are shifted to higher frequencies, compared to those obtained with the previous
tip on KBr. The third flexural mode around 260 kHz does not appear in the
power spectrum measured on mica. Probably, due to specific coupling between
the silicon tip and mica surface this mode of vibrating has a quality factor too
low to be detectable.
In order to understand whether the averaged friction force suffers only a re-
duction or it can reach negligible values, comparable to those described in chapter
3, we swept the excitation frequency with lower speeds. Fig. 4.5 answers this
question showing the value of FL obtained while sweeping the same range of
frequency 37-44 kHz with two rates: 200 kHz/s in fig. 4.5a and, respectively,
14 kHz/s in the part b of the same figure. Indeed, for excitation frequencies
correspoding to the normal resonance frequencies friction goes down to zero.
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Figure 4.5: a) Friction force recorded while sweeping the frequency with a rate
of 200 Hz/s. b) FL was recorded with a lower sampling rate (14 Hz/s). Friction
goes to zero when the frequency matches perfectly the normal resonance of the
couple tip-sample system.
In order to explain our results, we have to compare the two types of pertur-
bation induced at the tip-sample interface: (i) direct normal excitation of the
cantilever in contact, and (ii) applied modulated bias voltage. Both procedures
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led to the same effect: reduction of friction only for normal resonances of the
tip in contact with the surface. Under resonance conditions the instantaneous
normal force acting on the tip is continuously oscillating. The feedback loop can
not follow the fast variations of this force, but just tries to keep constant the
mean value of the normal force, chosen as setpoint for the measurements. At
low enough normal loads, the motion of a sharp tip sliding on a crystal surface
is determined by the local interactions and by the combined elastic deformations
of the materials in contact [35]. The elastic deformation is represented in 2D by
a parabola of curvature keff equal to the effective lateral stiffness. The interac-
tion between tip and sample can be described by a potential having the spatial
periodicity of the crystal and lateral corrugation E0(FN) increasing with normal
load [108]. Introducing the parameter η = 2π2E0/Keffa
2, where a is the lattice
constant of the crystal, the condition for disappearance of stick-slip is η <1, see
paragraph 3.2.
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Figure 4.6: Sketch of the electrostatic field between the cantilever and the con-
ductive plate behind the sample. The cantilever and the sample can be seen as
a capacitive system (d ≫h), where the insulating KBr or mica are the dielectric
media separating the conductive parts of the capacitor.
If the ac voltage is switched on, the ionic crystal can play the role of a dielectric
medium placed between two conductors. Because the thickness of the sample
is much larger than the tip height (d=1.23 mm and h=12 µm), the capacitive
interaction occurs mainly between the cantilever body and the sample holder.
This interaction results in a capacitive force, FU , proportional to the square of
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the applied voltage. The attractive force FU oscillates with twice the excitation
frequency f. Besides FU , any charge trapped at the tip or any charge layer at the
surface results in a non-zero contact potential and in an additional force FQ, which
oscillates at the actuation frequency f [109]. An attempt for the estimation of the
capacitive force can be done considering that the effective area of the capacitive
system is given by the dimensions of the cantilever, S=L·w. The counter electrode
is considered to be an infinite plane with uniform charge distribution, σ. Note
that the force applied strictly on the tip prevails only for small distances, d <100
nm, while for large distances the cantilever gives the main contribution to the
force [110]. The field created by this is E=σ/(2ǫ0ǫr), where ǫ is the permittivity
of dielectric medium. The force developed by the electric field on the cantilever,
assuming that the charge is also uniform distributed all over the area S, is then:
FU =
ǫ0ǫr
2
E2S =
ǫ0ǫrSU
2
B
2d2
, (4.6)
where UB is the amplitude of the modulated bias voltage. The electric field inside
the capacitor is sketched in fig. 4.6, and it can be seen that it acts all along the
cantilever length. The electrostatic force produces an additional vertical displace-
ment of cantilever, AU , which is too small to produce a noticeable effect. Under
resonance conditions AU is amplified by the Q factor of the normal vibrations
leading to a total displacement:
Ares(n) = QAU = Q
FU
k
= Q
FU
m(2πfn)2
= Q
ǫ0ǫrSU
2
B
2d2m(2πfn)2
, (4.7)
m is the mass of the whole cantilever and fn is the resonant frequency of the n-th
flexural mode. The quality factors of any vibrating mode can be determined by
an analysis of the amplitude spectrum of thermal noise of the cantilever. The
spectral amplitude density is:
S(ω) =
2kBTω
3
n
Qkn[(ω2 − ω2n)2 + ω2nω2/Q2]
, (4.8)
where ω=2πf is the radical frequency, and kn is the string constant of n-th mode.
The quality factor of the first three normal vibration modes (see fig. 4.3b) are
presented in the table 4.1.
Using eq. 4.7 and the quality factors of the first three normal modes, the
corresponding Ares for each oscillation mode can easily be estimated, as it can
be seen in table 4.1. The obtained values can thus explain the dependence of
frictional forces on the excitation frequency depicted in fig. 4.3b. The application
of the ac bias voltage provokes a normal modulation of the cantilever with an
amplitude proportional to the amplitude of UB and strongly dependent on the
properties of the flexural resonance.
The transition between a frictional sliding of two bodies in contact and a
regime of zero friction force is a reversible process. Actually, friction can be
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Cantilever in contact with KBr
ǫr(KBr)=5.65
n 1st normal mode 2nd normal mode 3rd normal mode
fn (kHz) 40.653 126.395 259.389
Q 98 450 761
Ares (A˚) 6.2 2.94 1.18
Table 4.1: The resonance frequency for the first three flexural vibration modes of
a rectangular silicon cantilever in contact with a KBr sample, the corresponding
quality factor and induced amplitude under resonance conditions, Ares.
turned on and off by exciting the cantilever at an appropriate frequency. Fig.
4.7 presents a friction loop recorded over 5 nm with a normal force of 0.67 nN.
A bias voltage with an amplitude of 5V and modulated with f = 41 kHz applied
after scanning 2 nm, led to the suppression of the loop even under the action
of a relative high normal load. The corresponding parameter η for this load is
around 3.8, meaning that the sliding should occur under static conditions with
dissipation. In the presence of UB the tip started to move without friction, still
maintaining a contact with the KBr surface. Scanning back, the bias voltage was
switched off at the same scanning position where it was applied and the friction
loop came back to the initial shape.
ON OFF
0 1 2 3 4 5
-1.6
-1.2
-0.8
-0.4
0.0
0.4
0.8
1.2
1.6
F
L
(n
N
)
x (nm)
Figure 4.7: Friction loop on KBr obtained with a normal load FN=0.67 nN. At
the moment when the loop shrinks or extends a bias voltage with f=41 kHz and
amplitude of 5 V was applied and, respectively, removed.
In other words, the bias voltage applied in the conditions just mentioned above
plays the role of a “switch”, which turns on and off a state of superlubricated slid-
ing. By applying UB under resonant conditions, the common stick-slip observed
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in atomic friction can be suppressed. The less corrugated surface potential, for
almost half of the actuation period, leads to a reduction of the energy required
to move the tip from one minimum to the next one. As described in chapter
3, if the surface potential is sufficiently small the tip can slide over the surface
with negligible friction. An opposite direction of deflection would lead to an in-
crease of the surface corrugation potential, thus to enhanced friction. The change
in sign for the amplitude defection takes place in half of the oscillation period
(t=1/2f= 12.29 µs), a too short time for the contact spring to get the necessary
strength for a new jump (the time constant of sticking phase is around 100 ms).
In this condition the stick-slip motion is not favorable and the tip will move all
the time on a smoothly corrugated surface potential, such that its sliding takes
place without dissipation.
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Figure 4.8: 2D map of the lateral force for four different amplitudes of UB. Wear
process is initiated when UB reaches 5V. Friction force versus the amplitude of
the applied bias voltage modulated with f=39.9 kHz. The mean normal force
was 0.03 nN. Measurements were done on a 2-nd KBr sample, much thinner than
the first one (d=0.83 mm).
Fig. 4.8 presents the influence of the bias voltage amplitude on the recorded
friction force. We kept the modulation frequency constant, close to the first
normal resonance (f= 39.9 kHz) and performed measurements for UB between 0
to 5 V. The thickness of the KBr sample under observation was thinner, d= 0.83
mm. A decrease of the the mean lateral force with UB was observed, a result that
can be explained by the dependence of the induced oscillation of the cantilever
on the amplitude of the applied bias voltage. The larger the induced deflection
of the cantilever, the larger the effect of reducing friction. If Ares is very large,
then the cantilever deflections toward the sample lead to a tip-sample interaction
strong enough to initiate wear. This is what happened for UB = 5 V, when after
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few scanning lines the lateral force became irregular and the tip started to wear
the surface. Large amplitudes of UB leads thus to an interesting behavior, the
coexistence of a regime of low-friction and wear. The last one dominates, short
time after it was initiated. This phenomenon was already observed in macroscopic
friction between two glass polymer materials, where relative large amplitude (20%
of the mean normal load) led to a nonlinear coupling between normal and sliding
motion, accompanied by a destabilizing effect in same regions of contact [55].
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Figure 4.9: Mean lateral force while sweeping the frequency of UB between 38-
40.5 kHz. Measurements were performed for different values of the normal load.
The thickness of the KBr sample was d=0.83 mm.
We have also studied the effect of the normal load acting on the cantilever.
The influence of the setpoint while sweeping the frequency of the ac bias voltage
with an amplitude of 3 V is presented in figure 4.9. For negative setpoints, when
the tip-sample interaction is in the attractive regime, the effect of the bias on
the friction force is larger than for positive normal forces, when the interaction
is already in the repulsive regime. This could be easily explained in terms of
tip-surface lateral corrugation variation. The effect of the normal modulation
on the lateral tip motion can be understand by assuming that the corrugation
energy changes with time as E(t) = E0(1+αcos2πft), where the parameter α is
proportional to the amplitude of the applied voltage and exhibits maxima at the
bending resonances. The forces acting on the tip balance at every instant, and
all equations derived in the quasistatic case, α = 0, such that E(t) replaces E0.
Typically values for the stiffness of the tip apex is around 1 N/m (i.e., much lower
than kT ). This finding strongly suggests that the tip apex is mainly responsible for
the slips rather than the cantilever. In order to clarify the observed suppression
of friction, the lateral deflection of the cantilever is ignored and the equation of
motion of the tip apex connected by a spring of lateral stiffness k=1 N/m to
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an essentially rigid object (the remainder of the tip plus the lever) pulled along
the scan direction at a low velocity v=10 nm/s across an oscillating sinusoidal
potential with spatial periodicity a=0.5 nm:
m
d2x
dx2
+ γ
dx
dx
− πE0
a
(1 + αsin2πft) sin
2πx
a
+ keff (x− vt) = 0. (4.9)
The mass and damping of the tip apex are difficult to determine. Because f is
much smaller than the time needed for the tip to go over one atomic lattice, the
tip experiences the minimum corrugation E0(1− α) many times as the rigid tip
slowly crosses the distance which separates adjacent potential minima, and hence
stats to slide smoothly once:
ηmin = η(1− α) = 2π2E0/(keffa2) < 1, (4.10)
even if friction is finite ( η > 1) when α = 0. In other words, the parameter ηmin
replaces η in the condition for the occurrence of ”superlubricity”. It is important
to mention that for sufficient negative setpoints (already small η) and large bias
voltages, the tip-sample separation becomes too large and the tip jumps out of
contact.
As we have discussed, the parameter η can be tuned by decreasing the normal
forces (implicitly decreasing the amplitude of the corrugation E0) or by modu-
lating this corrugation. In order to have a complete picture of the effect of E0
modulation we performed friction measurements also on NaCl(100), a material
less compliant than KBr, such that wear process can could be avoided. Friction
between the silicon tip the NaCl(100) sample was recorded while exciting the tip
in contact at the main normal resonance f0= 56.7 kHz. In fig. 4.10a the effect
of the modulation amplitude is shown. The mean friction force decreases with
the increase of UB. The modified Tomlinson model at 0 temperature described
in section 3.2b can reproduced a similar curve for the dependence of the friction
force on the amplitude of the modulation of the surface corrugation, α (see fig.
4.10b). In the simulation, it was considered that the only last part of the tip,
is responsible for the reduced friction effect. By solving the equation of motion
4.9 for a tip apex of a mass m =8.7 10−13, ten times critically damped γ/m=
126 kHz, oscillating at 567 Hz, the friction force decreases as the parameter α
increases. Figure 4.10b shows this behavior for different values of η (values cal-
culated in the static regime). Plotting the same forces, FL against the parameter
ηmin = η(1 − α), one can see that the friction force decreases and even goes to
zero as soon as the etamin approaches 1 or gets smaller than 1 (fig 4.10c). De-
pending on the values of η and α(etamin) = αcr (the value ofα for which the FL
is suppressed), two sliding regimes are possible, as shown in the figure 4.10d.
For many years the control of frictional forces has been mainly approached
by chemical means, namely, using lubricating liquids. The application of an ac
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Figure 4.10: a) Dependence of the friction force on NaCl(100) on the amplitudes
of the ac voltage at the resonance frequency f = 56.7 kHz. An average normal
load FN = 2.73 nN was kept constant by a feedback loop ( corresponding to η =
3 in the static case). b) Numerical evaluation of the frictional force as a function
of the excitation amplitude. The four symbols correspond to η = 7, 5, 3 and 1
(top to bottom). c) Numerical values of the frictional force as a function of the
parameter ηmin. d)Depending on the values of η and α(ηmin), two sliding regimes
are possible.
modulated bias at the right amplitude and frequency is equivalent to the presence
of normal force oscillations between two bodies sliding in contact. The method
of controlling the system mechanically via normal vibrations of small amplitude
and energy is already a promising alternative to the traditional ways of modifying
friction, and has attracted considerable interest recently. Gao et al. [54] proposed
this method for controlling and reducing friction in thin-film boundary lubricated
junctions, through coupling of small amplitude directional mechanical oscillations
of the confining boundaries to the molecular degrees of freedom of the sheared
interfacial lubricating fluid. They performed MD simulations proving that the
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control of friction in the lubricated junction is possible, with a transition from
a high-friction stick-slip shear dynamics of the lubricant to an ultra-low kinetic
friction state, if the time constant of the boundary mechanical oscillations normal
to the shear plane is larger than the characteristic relaxation time for molecular
flow and ordering processes in the confined region. Thus, the decrease of the
frictional force can be obtained by controlling the system mechanically.
Beside the friction dependence on the normal resonance frequencies there are
studies emphasizing the same effect, but under the action of lateral (in-plane)
oscillations. Rozman et al. [111] analyze a theoretical one-dimensional model
including two rigid plates and a single particle embedded between them, in which
the top plate is pulled by a linear spring with a force parallel to plane of sliding.
The time dependence of the spring force drives from a chaotic motion to smooth
sliding of the system. In contradiction with our findings, there are experimental
proofs of atomic friction control via lateral induced oscillation. Kerssemakers at
al. probed the influence of the in-plane vibrations on the shape of the surface
potential involved in stick-slip friction [98]. Modulation of the cantilever was
performed in two ways: either a high-frequency modulation (buckling mode)
was summed on the piezo scanner voltage, or electrostatic loading was applied.
These modulations diminished the friction loop amplitude, and furthermore, a
partial stick-slip behavior was observed above a certain threshold level of driving
amplitude, where the tip alternated periodically between a zero-friction and a
non-zero-friction state.
A partial reduced friction has previously been achieved by exciting oscilla-
tions perpendicular to the sliding direction in different situations, e.g. force
microscopy of transition-metal chalcogenides [112], wide contact areas subject
to ultrasonic excitation [113], in the presence of confined lubricant films [56], or
between glassy polymers [114]. In those investigations, however, the reduction of
friction remained unexplained or it was attributed to an induced lateral motion
of the tip [112], or to an increase in the mean separation between the two surfaces
[113, 56].
Riedo et al. observed a partial reduction of friction when the contact between
a conventional FFM tip and a mica surface in humid air was laterally excited at
20 kHz, in the low-velocity range where FL is reduced by thermal activation [91].
They show that the atomic friction is related to the thermally activated hopping
of the contact atoms on an effective atomic interaction potential. The thermally
activated friction is responsible for the premature jumps of the contact from one
minimum to the next minimum position of the total interaction potential and
leads to a decreased energy dissipation in sliding. They claimed to identify the
the hopping frequency with the lateral the lateral resonance of the system , 20
kHz, but the actual torsional resonance in contact was not measured in that
experiment. In our case reduced friction is expected if the displacement of the
tip induced by lateral excitation reaches roughly half a lattice constant. Taking
into account that the quality factor decreases by a factor of at least one hundred
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upon contact, it is perhaps not surprising that the stick-slip is maintained and
that no significant reduction of friction was observed under torsional excitation.
4.4 Conclusion
We proposed an efficient way to switch friction on and off on the atomic scale
is introduced. This is achieved by exciting the mechanical resonances of the
sliding system perpendicular to the contact plane. The resulting variations of the
interaction energy reduce friction below 10 pN in a finite range of excitation and
load without any noticeable wear. Without actuation, atomic stick-slip leading to
dissipation is observed in the same range. Even if the normal oscillations require
energy to actuate, our technique represents a valuable way to minimize energy
dissipation in nano-contacts. We verified this method on two different surfaces
and we proved that this behavior is generally valid on different kind of material.
Controlling friction in nanoelectromechanical systems (NEMS) is not only a
desirable goal, but a necessity to guarantee an extended lifetime of the devices
themselves. The extension of our work to NEMS devices should be quite feasible.
During sliding of NEMS components a modulated bias voltage with adequate
amplitude and frequency can be applied, leading to a significat reduction of fric-
tion of such devices. It is important to mention that in these systems the ratio
between surface and volume is extremely high. Contacting parts in NEMS are
usually small enough to constitute single asperity contacts, and their structure
favors the development of distinct normal resonances. In macroscopic bodies, the
wide distribution of contact resonances makes our technique difficult to apply,
but it is not excluded that resonance-induced superlubricity occurs in many nat-
ural phenomena, for example in biological systems or, on much larger scales, in
the motion of tectonic plates.
Chapter 5
Wear on atomic scale
5.1 Introduction
“But there are also situations when one wants high friction, as in clutches and
brakes, or stick-slip, to enrich the sound of a violin and improve the feel or ’tex-
ture’ of processed food as sensed during biting and chewing...”
If the AFM is operated in contact mode, several regimes from frictionless slid-
ing to permanent wear are observed, depending on the applied load. In this way,
FFM has been successfully used to characterize microwear processes on materials
of technological interest, as silicon for magnetic head sliders [115], polymers for
electronic packaging and liquid crystals displays [116], or solid lubricants such as
transition metal dichalcogenides [117]. Only a few studies have been reported on
atomic-scale wear, mainly due to the fact that the debris removed from the surface
adheres strongly to the tip, reducing the resolution of the instrument and mak-
ing investigations non-reproducible. The environment, like the humidity, plays
an important role in tribological measurements on small scales [21]. A controlled
atmosphere or, better, ultrahigh vacuum (UHV) conditions are desirable.
Metals are not the best candidates to study wear mechanism by AFM. Pre-
vious experiments on copper and aluminium showed that the debris accumulates
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on the microscope tip, making it blunt and not suitable for reproducible mea-
surements [118]. In the case of ionic crystals wear is observed even at very low
loads [57, 58]. If the normal force exceeds a critical value the process of wear is
initiated. In fig. 5.1 the wear onset on atomic scale is illustrated. The sample
involved is KBr(001), as ionic crystals are well know materials for their low re-
activity and the measurements were performed in UHV. The atomic structure is
obtained with a normal load acting on the tip of only 1.3 nN.
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Figure 5.1: Lateral force measurement on KBr(001) in UHV with an external
applied load of 1.31 nN. a) Friction map on 5 nm revealing the moment when
the atomic structure starts to become irregular, due to the wear process. b)Cross
section of the lateral force emphasizing the wear onset too. c) The mean lateral
force over the 2-dimensional image. In the moment when the regular atomic
structure is broken the abrasive wear starts.
In the initial part of the 2D image 5.1a the lateral force presents a regular be-
havior, as seen in the cross-section presented in the b) part of the figure too,
it presents the well defined saw-tooth profile with atomic periodicity. But at a
certain moment an instability occurred, the tip started to pick up material and
the regularity of the stick-slip got broken. At this point the friction force was
drastically increased initiating the wear process (part c)). The high value of FL
led to the detachment of atoms. This is the wear onset observed down to atomic
scale. Immediately after this process got initiated, the lateral force becomes ran-
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dom, and the surface suffered a continuous rearrangement as it could be seen in
the 2D friction map (fig. 5.1a).
5.2 Abrasive wear on atomic scale
In order to understand how the wear process is initiated and how the material is
transported by the tip, Gnecco et al. studied wear on ionic crystals by means of
an AFM [58]. They showed how under the action of the tip the KBr(001) surface
can be modified, the ions removed pairs by pair and dragged collectively by the
indenter. Furthermore, the debris is rearranged in a epitaxial process leading
to the formation of mound with the same structure as the underlying surface.
The images of damaged areas were used to count up the number of atoms torn
from the surface. Knowing the binding energy of atoms in the crystal, it was
possible to calculate two separate contributions to scratching energy. According
to this paper, 30 % of the energy goes into wear. The work shows new details
of wear process and demonstrates a level of control that might be used for mi-
cromachining. We tried to go further on in studying wear on atomic scale and
we performing one and two dimensional scratching measurements on a scale of
hundreds of nanometer.
Extending the wear process in 2D, the formation of nanometer-scale patterns
while scratching the KBr(001) surface with a scanning force microscope in ultra-
high vacuum can be produced. Wear of single atomic layers has been observed
when the microscope tip is repeatedly scanned across a line. The initially flat
surface is rearranged in a quasiperiodic pattern of mounds and pits.
5.2.1 KBr “ideal” surface
All the experimental wear observations we got on KBr crystals and the neces-
sary conditions for the initiation of this process have been previously confirmed
by theoretical studies based on atomistic simulation of the interaction between
a crystalline sample and a nanoasperity tip. Shluger at al. have analyzed two
cases for the nanoasperity at the end of the tip: 1) a locally charge tip, MgOH,
scanning over the (001)NaCl surface and 2)a neutral tip, MgO, interacting with
the (001)LiF surface [119]. In each situation it has been demonstrated that the
tip-sample interaction has a collective character: the tip as a whole probes the
potential produced by the whole surface in the area of several surface ions aver-
aged in time. In the case of MgOH tip while scanning with positive forces after
the jump in contact (the attractive regime) a wide range of deformations, often
reversible, of the tip and sample have been encountered. A continuous inter-
change of material between tip and sample was noticed. The ionic tip adsorbed
ions from the ionic sample and used them for a while in subsequent scanning.
During operation of the AFM, the tip almost certainly reaches some steady-state
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dynamical balance of adsorbing and desorbing atoms by the time the image is ac-
quired. The same behavior was observed for metallic tips interacting with metal
surfaces [120, 121]. The inert sharp MgO tip showed the same sample periodicity
while scanning in contact with small normal forces, as the charged tip. A shift
of the position of the atoms relative to the surface sites depending on the tip
orientation was observed.
The same theoretical study showed that in hard contact a positive bending
of the cantilever counting for a total tip load of 2nN, can produce an indentation
of the end of the atomically sharp tips inside the crystal while scanning. This
observation is valid for the two types of tips involved in the simulation. In both
cases the distortion or the disruption during scanning depended on how fast the
displaced surface ions were able to return to their lattice sites with respect to the
scanning speed. If the tip has already destroys the contacted sample as it scans,
there will be no longer possible a repeating periodic structure on successive line
scans.
5.2.2 1D pattern induced by an AFM tip on KBr
Scratches were produced and imaged using our home-built force microscope in
UHV at room temperature. We used commercially available silicon cantilevers
(section 2.2) with normal and torsional spring constants of about cn=0.09 N/m
and ct=49 N/m. The radius of curvature of the tips was nominally below 15
nm. The same cantilevers were used for both scratching and imaging the modi-
fied areas. Two different KBr(001) surfaces were studied. Sample 1 was cleaved
in situ, while sample 2 was cleaved in air and immediately transferred into the
UHV chamber. Both samples were heated to 120 ◦C for 15 minutes. The differ-
ent cleavage procedure affected the morphology of the surface significantly; on
the sample cleaved in UHV atomically flat areas not wider than 100 nm were
observed, whereas the surfaces cleaved in air revealed flat terraces larger than 1
µm. However, atomically clean surfaces are obtained by both methods [122].
Figure 5.2a shows the topography image of a groove on the surface of KBr(100),
recorded after scratching the surface 512 times with a normal load FN=26.6 nN
and a scan velocity v=2.67 mm/s. The groove is surrounded by a pattern of 34
mounds aligned along the two sides, and by two mounds piled up at its ends.
The topography at the ground of the groove appears modulated as well. The
height difference between the top of the mounds and the bottom of the pits in
the groove is about 2.5 nm. The distance between two adjacent pits or mounds
is about 40 nm, as well as the distance between the two rows of mounds.
Figure 5.2b compares a cross section of the topography along the ground of
the groove with a measurement of the lateral force recorded while scratching the
groove. The topographic image has been recorded with very low load on the
tip after the scratching experiment was finished. The topographical information
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Figure 5.2: a) Topography image of a groove formed on KBr(001) after 512
scratches along the (100) direction with FN=26.6 nN and v=2.67 mm/s (sample
1). b) Cross section of the topography along the ground of the groove and lateral
force acquired while scratching the groove. The lower and upper parts of the
lateral force loop were obtained while scanning forwards and backwards, as indi-
cated by the arrows. The dotted lines indicate positions in the pits where the tip
is decelerated as derived from an increase of the lateral force in either direction.
wear onset
second layer
distance
ti
m
e
800 nm
Figure 5.3: Development of lateral force with time while scratching a single line
of 800 nm length forwards and backwards. In horizontal direction the lateral
force during forward scan is plotted, where darker color means stronger lateral
force; the vertical direction is the time axis.
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recorded simultaneously with the scratching can not be used for the comparison
due to strong cross talk between lateral and normal force at the high load required
for scratching. The lateral force is modulated with the same periodicity as the
topography along the groove. Note that there is no stick-slip characteristic but
a continuous sliding with modulated lateral force, i.e., with modulated velocity
in the tip. Any increase of the lateral force is a direct indication for a slower tip
movement with respect to the movement of the support. Comparing topography
and lateral force in fig. 5.2b we find that the lateral force starts to increase
whenever the tip is at the edge of a pit between two mounds. The tip movement
is decelerated at the slope of the mounds, and a lateral strain is built up. At a
certain level the lateral force is high enough to pull the tip out of the pit and
with some accelerated velocity the tip moves onto and over the mound. These
results indicate that the formation of the regular ripples is related to an interplay
between the developing topography and the lateral strain produced by the tip of
the force microscope.
a) b)
1200nm 1200 nm
FN
Figure 5.4: a) Topography and b) lateral force maps of a region scratched with
the following loads (up to down): 1.7, 5.3, 8.8, 12.4, 15.9, 19.5, 23, 26.6, 30.1 µN.
Frame size: 1.2 µm.
Figure 5.4 shows a series of grooves with a length of 800 nm produced by
scratching the same surface 512 times with a velocity of 2.67 mm/s and with
varying loads. There is a clear monotonous increase of the depth of the grooves
and the height of the mounds piled up around the grooves with increasing load.
However, the dependence of the development of undulated structures on the load
is much less evident. Some grooves exhibit hardly any ripples at their edges, and
some only close to their ends. There is no clear tendency in the effectiveness of
ripple formation depending on the applied load. However, in numerous experi-
ments we found that such ripples form for all loads and velocities after prolonged
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scratching. To summarize these observations, we find that wear always increases
with load, while the ripple formation is a more irregular process which, however,
after some time always starts.
In order to visualize the onset of ripple formation, fig. 5.3 shows the lateral
force recorded while scratching along one line as a function of time. For the
first few scan lines, the friction force is low and no structure can be recognized.
Wear starts then at a point in the center of the scan line, and spreads out first
to the right and then to the left. The higher friction is caused by the enhanced
interaction of the tip sliding in the groove compared to sliding on an atomically
smooth terrace. The friction force is developing some faint structure, which is
again lost in the course of further scanning. After about one third of the time
represented in this figure, another instability similar to the one starting the whole
process in the beginning is observed. Taking into account the depth of the final
groove of about 0.6 nm (cf. fig. 5.2), it is plausible to assume that wear of a
second atomic layer starts at that point. Now the ripple pattern in the lateral
force evolves and is stable throughout the experiment. Unfortunately, we cannot
quantify lateral force and topography at the same time. In order to avoid any
disturbance of the lateral force measurement [123] by the distance feedback, the
latter is extremely slow and maintains only a mean constant normal load.
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Figure 5.5: The development of the mean lateral force <FL> and of its standard
deviation <δFL> while producing the ripple pattern shown in fig. 5.3.
It is worth mentioning that the lateral force is relatively strong and irregular
each time after a new atomic layer starts to wear off. This is documented in the
corresponding graph in fig. 5.5. The mean lateral force <FL> shows steplike in-
creases, with a strong peak at the position of the first step and a less pronounced
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peak at the position of the second. For longer scratching we have found that the
mean lateral force slowly levels off. The standard deviation of the lateral force
<δFL> exhibits steplike increases where a new atomic layer is eroded, reflecting
the growing amplitude of the lateral force when the worn-off atoms are reorga-
nized in form of the ripples. Judging from this graph, we might even identify the
erosion of a third layer around the 280th and of a fourth layer around the 400th
scan line. In repeated longer experiments we have not observed a saturation of
the increase of the ripple amplitude. Again, the onset of erosion of the first two
atomic layers is indicated by sharp peaks which reflect the irregularity of the
atomic reorganization process.
5.2.3 Periodicity given by tip “shape”?
The distances between the tip-induced ripples on KBr increase slightly with an
increase of the applied normal load.
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Figure 5.6: Lateral force recorded during the 1250th scratch using two different
tips and samples (black curve is quantified by the left scale, red curve by the
right one). The normal load (3.6 nN) was the same for both curves.
However, they vary significantly between experiments using different tips. Lat-
eral force curves of the stable ripple pattern obtained in two different series of
experiments are compiled in fig. 5.6. While the typical features described above
are reproduced for all tips and samples, the ripple distances vary from 20 nm
to 50 nm. This length scale matches the typical radii of force microscope tips.
Therefore, we speculate that the distance between the ripples is correlated with
the actual tip shape. It was observed a slightly increase of the ripple distance
with load, which suggests that the increasing contact area as well influences the
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ripple distance. In fig. 5.6 the curve with larger ripple distance shows higher
values of the lateral force, indicating again a larger contact radius.
5.2.4 2D pattern induced by an AFM tip
Two-dimensional patterns in the lateral force with similar periodicity are obtained
if the tip is scanning a square, by slowly moving along the (010) direction while
scanning forwards and backwards along the (100) direction. Figure 5.7 shows
the result of scanning 34 times a square frame of 300×300 nm2, composed of
256 horizontal lines. The vertical distance between two consecutive scan lines
is much smaller than the typical width of the grooves observed in fig. 5.4. A
pattern of ripples is revealed, with a preferential alignment perpendicular to the
fast scanning direction of the tip. Note that in the first frame the surface is
flat and it does not presents holes, steps or any other structure. The typical
wavelength of the ripples is about 40 nm.
On the surface cleaved in UHV (sample 2) the initial stages of the ripple
formation were influenced by the cleavage steps (fig. 5.8). The steps are eroded
and aligned perpendicular to the fast scanning direction, and serve as nucleation
sites for the first ripples. After prolonged scanning, however, the pattern becomes
independent of the original morphology and adopts a shape comparable to fig.
5.4.
5.2.5 Analogies
In a recent paper Friedrich et al. investigated the action of a localized moving dis-
turbance which deposits or removes material from a surface [124]. They assumed
that the surface profile evolves according to a generalized Kuramoto- Sivashinsky
equation, which takes into account the inhomogeneity of the disturbance.
∂h
∂t
= f(r)
[
1
1 + (∇h)2 + ν△
2h+ k△4h
]
− v∂h
∂x
, (5.1)
The competition between a negative surface tension ν, which tends to increase
the area of the surface, and a positive coefficient k, which accounts for the surface
diffusion, leads to a periodic structuring of the surface with wavelength λ ∼√
k/ν. Similar mechanisms have been previously recognized as responsible for
the ripple formation observed under ion sputtering [125], although in such a case
the perturbation is not localized, but acts on the whole surface at the same
time. In our case the negative surface tension can be identified with the stronger
erosion in the pits connected with the higher strain exerted by the trapped tip.
On the other hand, the perfect recrystallization of the piled-up mounds indicates
that diffusion also plays a smoothing role for the ripple formation on KBr. It
is interesting to note that thin films of KBr produced by molecular evaporation
grow in form of pyramidal mounds, where the topmost terraces have typical sizes
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Figure 5.7: Lateral force images of square area scanned 35 times with higher load.
The presented friction maps are obtained after 1st, 5th, 10th, 15th, 20th, 25th,
30th and respectively 35th complete scan over the same area. The eroded square
has a side length of 500 nm.
in the range of 20-50 nm [126], in exactly the same size range we find for the
ripple distances. In the present results, the relation between height and width of
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Figure 5.8: Topography images of a square area scanned before with higher load.
Zoom out on KBr surface with cleavage steps running from the lower left to the
upper right corner of the frame (sample 2). The eroded square has a side length
of 500 nm.
the mounds is low compared to typical growth pyramids and, therefore, diffusion
does not limit the further increase of the surface corrugation. This is reflected
in the lack of saturation of the lateral force variation in fig. 5.3. Based on
the experimental results, we cannot determinate the dominant parameter for the
distance of the ripples. The weak dependence of the distance on the normal load
may suggest that both a characteristic diffusion length and the shape of the tip
might be important for the size of the developing structures.
5.3 Discussion
In the following, we will discuss the tip-induced process of ripple formation along
the results presented in the previous sections. First of all, this process starts
only after the onset of abrasive wear. No signs of topographic modulation have
been observed without an erosion of at least one monolayer of KBr, i.e., with-
out transfer of material. Elastic instabilities or plastic deformation related to
creation or movement of dislocations can be excluded, when the strain energy
produced by the scratching tip is smaller than the energy required for the cre-
ation of dislocations. Based on our observations, we believe that this is the case in
our experiments. Similar arguments have been brought forward in the discussion
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of nanoscale indentation of metals [127, 128]. Once an atomic layer is damaged
at some specific spot, the whole layer is removed and its material reorganized
in a process accompanied by strong, irregular friction. After some tens of scan
lines (compare fig. 5.5) a more ordered structure is formed. This process was
described in detail in a previous study [58] where it was shown that the mate-
rial is continuously detached in small amounts of ion couples or small clusters.
The debris at the end of the scratch, i.e., in front of the moving tip, perfectly
recrystallizes in atomically flat terrace which exhibits exact atomic registry with
the underlying substrate lattice. Some understanding of the process can be ob-
tained from comparing the corrugated topography and lateral force profiles in
fig. 5.2. The ripples probably emerge when material transported in front of the
tip increases the friction, slowing down the tip movement until the lateral force
is strong enough to make the tip jump over the mound of material. During fol-
lowing scan lines, existing mounds will collect further material and grow. In this
scenario the minimal distance between two ripples would be given by the size of
the tip, in agreement with the experimental findings.
5.3.1 Ripples on different surfaces and environments
In order to understand the influence of the environment on the process of ripples
formation we performed the same experiment in air conditions. Scratches were
produced and imaged using a commercial NI Nanoscope IV microscope operated
in non-controlled environment. A new KBr(001) sample, cleaved in air, was
studied. Under prolonged scanning, much longer than in UHV conditions, a
pattern of ripple oriented perpendicular to the scan direction was revealed. It is
important to mention that much higher loads are required in order to get a well
developed structure on the surface. The high humidity conditions present during
the experiment led to rather unstable undulated structure. The debris produced
by the action of the tip had a large mobility, favored by the water layer present
at the tip-sample interface. Fig. 5.9 presents the dependence on normal load
of the periodicity of the developed structured in different situation, in UHV and
air. Both dependence shows a rather linear increase of the wavelength with the
load. In UHV, in the applied range of forces, the periodicity is slightly enhanced
under the action of FN . In air, bigger loads were applied leading to increased
tip-surface contact areas, and therefore larger distances between the mounds or
the pits of the ripples.
The phenomenon of ripple formation in friction force microscopy experiments
on the nanometer scale occurs on a variety of surfaces. In the literature polymer
surfaces seem to be privileged materials developing such structure [60]. Metal
surfaces may also develop regular topographic features. In fig. 5.10a a similar
result is presented, which has been obtained on an Al(111) surface in ultra high
vacuum. Again, a two-dimensional pattern of ripples evolved under the scanning
tip. The periodicity is of the same order of magnitude as for KBr, around 40-
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Figure 5.9: The periodicity of the ripples as function of the normal load. The
back dots corresponds to the measurements performed in UHV, and the red ones
to those performed in air.
50 nm. However, this surface is very sticky, and even at lowest normal load all
topography images show significant disturbance by sticking effects. In contrast
to KBr, the ripple pattern on Al(111) is unstable under prolonged scanning and
turns into an irregular structure related to very strong wear processes. Fig. 5.10b
shows the results of prolonged scanning over 1×1 µm rubber surface. Measure-
ments performed by means of a commercial AFM (Nanoscope IV) under ambient
conditions [129].
Again, a pattern of ripples is revealed, with a preferential alignment perpendicular
to the fast scanning direction of the tip. For rubber the ripple structure got
formed under prolonged scanning, after more than 20 repetitions, as in the case
of KBr in air. The normal force necessary to initiate this process in air is ten
or hundred times bigger. The typical wavelength of the ripples is about 160-200
nm.
The ripples formation is not restricted to a specific category of surfaces. The
restructuring of the surface under the perturbing factor, in our case the AFM tip,
can be obtained on a large variety materials and under controlled or uncontrolled
environments. Probably, the periodicity is given by the size of the tip and depends
slightly on the pressure applied by this on the scanned sample.
5.4 Conclusion
In conclusion, a detailed experimental report on the formation of regular topo-
graphic structures on a KBr surface upon scanning a force microscopy tip in
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Figure 5.10: a) Al(111) surface with an eroded area of 400×400 nm2 side length.
Surface prepared and scratched under UHV conditions. b)Ripple formation on
1×1 µm rubber surface. Measurements were performed by means of a commercial
AFM (NanoscopeIV ) under ambient conditions.
contact with the sample is presented. Following abrasive wear of single atomic
layers, the debris is moved and reorganized in an interplay between friction-
induced strain and erosion, transport of material by the action of the tip, and
possibly diffusion. The self-amplification of the evolving structures has an impor-
tant impact on the tribological behavior, where stick-slip phenomena on different
length scales are a general observation.
One can think of further applications of the ripple process formation. Under
clean environments and corresponding normal loads, using tips with a desirable
geometry, controlled surface developments can be obtained. Scanning one line or
a square, linear or 2D structure can be produced. Thus, a deeper understanding
of this process is important for the development of nanopatterned devices, such
as optical grids.
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